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RESEARCH  SUMMARY 

Deer  browsing  prevented  aspen  regeneration  in  both  uncut  stands 
and  small  1/20-hectare  clearcuts,  even  though  nearby  large  burns 
regenerated  successfully.  Size  of  the  clearcut  or  burned  area  may  be 
critical  in  determining  success  of  aspen  regeneration;  areas  less  than 
about  2  hectares  in  size  may  adversely  concentrate  deer  use.  Shrub 
production  was  less  under  deer  use  and  forb  production  was  less 
under  cattle  use  than  on  protected  areas.  More  aspen  suckers  were 
produced  in  uncut  stands  where  cattle  grazed  than  in  stands  protected 
from  grazing,  suggesting  a  possible  relationship  between  sucker  ini- 
tiation and  reduced  competition  from  the  herbaceous  understory. 
Removal  of  aspen  cover  changed  herbaceous  composition  from  forb  to 
grass  dominants  and  discouraged  conifer  invasion. 


PREFACE 

Opportunities  sometimes  exist  to  gain  considerable  insight  into  long- 
term  effects  of  management  on  vegetationby  remeasuring  old  administra- 
tive studies  and  exhuming  from  the  files  data  collected  during  the  early 
stages  of  the  study.  Such  was  the  case  with  the  Grindstone  Flat  and  the 
Big  Flat  deer  and  cattle  exclosures  discussed  in  this  report.  A  few  days 
spent  collecting  current  data  and  in  perusing  old  files  have  permitted  us 
to  trace  the  influence  of  clearcutting  and  of  deer  and  cattle  on  plant  suc- 
cession in  two  stands  of  aspen  over  a  period  of  41  years. 

We  wish  to  acknowledge  the  contribution  of  the  Fishlake  National 
Forest  personnel  involved  in  establishing  the  plots  and  in  gathering  data 
over  the  decades.  H.  M.  Christensen  apparently  was  instrumental  in 
starting  the  study  in  1934.  Data  were  collected  by  R.  J.  Costley,  and 
W.  E.  Augsbach  in  1937,  by  W.  L.  Robinette  in  1942,  and  by  E.  R.  Doman, 
and  O.  Julander  in  1949.  A  rough-draft  report  prepared  by  E.  R.  Doman, 
D.  I.  Rasmussen,  and  H.  M.  Christensen  in  1959  provided  helpful  back- 
ground information  on  the  area  and  assisted  interpretation  of  the  early 
data. 


IV 


SETTING 


Beaver  Mountain  is  a  high  plateau  on  the  Fishlake  National  Forest  in  southern  Utah 
that  rises  to  more  than  3,650  m  (12,000  ft)  elevation  at  its  highest  points.   Large 
expanses  of  aspen  (Populus  tremuloides)   dominate  the  elevations  between  2,400  and 
3,000  m  (8,000  to  10,000  ft).   Mixed  stands  of  spruce  (Pioea  engelmannii)   and  fir 
(Ahies  Zasiooarpa)    are  common  on  northerly  exposures  and  at  higher  elevations.   Many 
large  grassy  openings  intermixed  with  the  aspen  and  conifer  communities  contribute  to 
the  diversity  of  vegetation  types.   Historically  this  area  has  been  important  summer 
range  for  both  deer  (Odoooileus  hemionus)   and  livestock. 

Deer  apparently  were  abundant  in  about  1865  when  Beaver  County  was  first  settled, 
for  the  pioneers  had  little  difficulty  keeping  themselves  supplied  with  venison.   Soon 
after  settlement,  the  summer  ranges  on  Beaver  Mountain  were  heavily  stocked  with  sliee]i 
and  cattle.   Livestock  overgrazing  and  unrestricted  hunting  apparently  caused  deer 
numbers  to  decline  to  a  low  from  1900  to  1910.   The  combined  effect  of  placing  Beaver 
Mountain  under  National  Forest  administration  in  1906  with  better  regulation  of  forage 
use  and  the  enactment  of  a  "buck  law"  by  the  Utah  legislature  in  1913  with  enforcement 
of  hunting  regulations  permitted  the  deer  populations  to  increase  markedly.   Excessive 
use  of  aspen  suckers  and  palatable  shrubs  by  1926  was  attributed  to  higli  populations  of 
deer.   By  1954,  aspen  regeneration  was  poor  over  large  areas  of  Beaver  Mountain.   Over- 
use of  the  summer  range  coincided  with  overuse  of  browse  on  adjacent  winter  ranges  on 
both  the  east  and  west  sides  of  Beaver  Mountain.   As  a  result,  antlerless  deer  hunts 
were  begun  in  1934  to  control  population  numbers. 

Overuse  of  the  livestock  summer  range  on  Beaver  Mountain  was  rccogni-ed  as  a 
serious  problem  in  the  early  1930' s.   Cattle  and  sheep,  as  well  as  tlie  deer,  were  con- 
sidered too  numerous.   Overgrazing  in  the  extensive  aspen  type  was  of  particular  con- 
cern.  Proposed  reductions  in  livestock  grazing  were  protested  1^  ranchers  who  lilamcd 
the  deer  for  depleted  forage  conditions.   This  dispute  resulted  in  tlic  cstal)l  ishment 
of  study  plots  on  aspen  range  within  cattle  allotments  to  demonstrate  tlie  relative 
effects  of  deer  and  cattle  grazing  on  the  forage  and  on  aspen  regeneration. 


APPROACH 


Two  sets  of  plots  were  located  in  aspen  types  on  the  Beaver  District  of  the  Fish- 
lake  National  Forest.   One  set  was  established  near  the  lower  edge  of  the  aspen  zone  at 
about  2,590  m  (8,500  ft)  elevation  on  Grindstone  Flat  (sec.  29,  T.  29  S. ,  R.  4  W.);  the 
other  set  was  placed  near  the  upper  edge  of  the  aspen  zone  on  Big  Flat  (sec.  18,  T. 
29  S.,  R.  4  W.)  at  about  3,200  m  (10,500  ft)  elevation.   Each  set  of  plots  consisted  of 
about  a  30-  by  60-m  (100-  by  200-ft)  deer  exclosure  where  the  vegetation  was  protected 
from  use  by  all  ungulates,  an  adjacent  area  of  like  size  that  excluded  livestock  but 
was  open  to  deer  use,  and  an  adjacent  area  open  to  use  by  both  deer  and  livestock. 
Three-fourths  of  each  exclosure  was  clearcut  of  aspen;  the  aspen  was  left  intact  in  the 
remaining  fourth.   The  areas  were  cut  and  pole  fences  constructed  in  the  fall  of  1934. 

Aspen  sprouts  and  other  vegetation  were  first  measured  in  1937,  3  years  after  the 
plots  were  established.   A  single,  permanent  23.8-m2  (4.88-  by  4.88-m;  16-  by  16-ft) 
quadrat  was  established  on  the  cleared  and  uncleared  portion  of  each  exclosure  and  on 
the  range  adjacent  to  the  exclosures.   Vegetation  canopy  cover  below  1.68  m  (5-1/2  ft) 
in  height  was  determined  for  each  species  on  these  quadrats.   In  addition,  individual 
stems  of  trees  and  shrubs  on  the  quadrats  were  counted.   Vegetation  measurements  on 
these  quadrats  were  repeated  in  1942,  in  1949,  and  in  1975.   Such  measurements  enable 
tracing  the  bequence  of  successional  change  after  cutting  and  of  change  attributable  to 
protection  from  grazing. 

Measurements  confined  to  a  single  4.88-  by  4.88-m  quadrat  provided  a  restricted  and 
questionable  overall  sample  of  treatment  effects.   Consequently,  we  expanded  our  sampling 
in  1975  to  include  estimates  of  productivity  and  composition  of  understory  vegetation 
and  counts  of  aspen  numbers  by  size-class  distribution  over  the  entire  treatment  plots.  . 
Understory  production  was  determined  from  three  sets  of  five  1/2-m^  quadrats  randomly    ' 
distributed  over  each  treatment  plot.   The  current  year's  biomass  for  plants  on  each  of 
four  quadrats  was  estimated  as  a  percent  of  the  fifth;  the  fifth  was  then  clipped  to     i 
ground  level,  dried,  and  weighed.   The  percentage  estimates  were  then  converted  to      ■ 
weights  and  the  average  of  the  15  quadrats  converted  to  kilograms  dry  weight  per  hectare. 
Biomass  composition  by  vegetation  class  and  by  individual  species  was  estimated  for  each 
five-quadrat  set  and  averaged  for  each  treatment.   Aspen  and  conifer  trees  were  counted 
by  size  classes  on  a  0.0202-hectare  (1/20-acre)  strip  within  each  treatment.   Trees 
representing  different  size  classes  in  each  treatment  were  then  cored  and  aged. 

Reliable  data  on  changes  in  deer  and  cattle  grazing  pressure  on  the  study  sites 
over  the  41-year  period  are  not  available.   We  know,  however,  that  judicious  management 
dictated  reduction  in  numbers  of  both  species  from  their  high  levels  early  in  the 
century.   We  also  know  that  the  general  area  continued  to  support  substantial  numbers 
of  deer  and  cattle  over  the  study  period.   Interpretation  of  vegetation  differences  be- 
tween treatments  is  therefore  based  upon  the  presence  or  absence  of  cattle  versus  deer 
use  rather  than  on  absolute  changes  in  animal  numbers. 


EVALUATION 


Understory  vegetation  at  the  Grindstone  Flat  site  near  the  lower  edge  of  the  aspen 
zone  is  appreciably  different  from  that  at  Big  Flat  near  the  upper  edge  of  the  aspen 
zone.   For  example,  shrubs  are  fairly  abundant  in  the  aspen  understory  at  Grindstone 
Flat,  but  are  lacking  at  Big  Flat.   The  two  areas,  therefore,  cannot  be  considered  true 
replications  for  evaluating  treatment  effects  on  understory  vegetation.   However,  those 
species  comm.on  to  both  areas  might  be  expected  to  respond  similarly  to  like  treatments. 

Although  each  study  site  at  Grindstone  and  Big  Flat  appeared  to  be  environmentally 
uniform,  the  vegetation  was  not  sampled  before  clearcutting  or  exclosure  construction 
to  verify  uniformity  between  treatment  plots.   Consequently,  we  must  assume  that  sul)- 
sequent  differences  in  vegetation  between  plots  on  a  site  result  from  treatment  effects 
and  not  from  initial  dissimilarities  in  vegetation  between  plots. 

RESPONSE  OF  TREES 

In  1975,  the  oldest  aspen  measured  at  Grindstone  Flat  was  172  years  old  (40.6  cm 
d.b.h.,  17.4  m  in  height);  the  oldest  at  Big  Flat  was  126  years  (3.S.3  cm  d.b.li.,  15.2  m 
in  height).   Thus,  the  stands  were  at  least  131  and  85  years  old,  respectively,  when 
the  study  began  in  1934.   We  also  found  trees  on  both  areas  that  were  between  30  and  60 
years  old  in  1934.   Judging  from  the  concern  about  lack  of  aspen  regeneration  in  the 
early  1930' s,  we  can  assume  that  few  trees  were  less  than  30  years  old  on  the  stud\'  sites 
in  1934.   Apparently  very  few  of  the  aspen  suckers  that  arose  between  1905  and  1934  were 
able  to  escape  browsing  and  become  trees. 

The  persistent  occurrence  of  suckers  over  the  years  despite  animal  use  is  evidenced 
by  the  number  of  suckers  in  1975  less  than  0.5  m  tall  on  the  uncut  plots  continually 
used  by  deer  and  cattle  (table  1).   Under  continued  use,  approximately  7,000  suckers 
per  hectare  occurred  at  Grindstone  Flat  and  26,000  per  hectare  at  Big  Flat.   Most  of 
these  suckers  were  heavily  utilized.   In  1942  and  in  1949,  approximately  3,000  suckers 
(less  than  1.68  m  in  height)  per  hectare  occurred  on  the  Grindstone  Flat  plots  and 
14,000  to  30,000  per  hectare  occurred  on  the  Big  Flat  plots  in  these  years,  respectively 
(table  2).   Judging  from  the  lack  of  aspen  reproduction  in  the  0.5  m  tall  to  5.1 -cm  d.b.li. 
size  class  on  these  grazed  plots  in  1975  (table  1),  few  of  these  suckers  were  able  to 
escape  and  become  saplings. 


Table  \ . --Numbers  of  aspen  and  conifers  by  size  classes  on  the  Grindstone  and  Big  Flat  plots  in  1975, 
41  years  after  establishment. 


Size  class 


Grindstone  Flat 


Uncut 

Closed  :  Deer  :Deer  and 
to   :  use  :  catt  le 
use   : onlv  :  use 


Cut 


Closed  :  Deer 

to   :  use 

use   :  only 


3ig  Flat 


Uncut 

Cut 

Closed 

:  Deer: 

Deer  and 

Closed:  Deer 

to 

:  use  : 

cattle 

to   :  use 

use 

:  only: 

use 

use   :  onlv 

<0.5  m  tall 
Populus  tremuloides 
Conifers^ 

0.5-2  m  tall 
P.  tremuloides 
Conifers 

2  m  tall-<5. 1  cm  d.b.h. 
P.  tremuloides 
Conifers 

5.1-10.2  cm  d.b.h. 
P.  tremuloides 
Conifers 

10.2-15.2  cm  d.b.h. 
P.  tremuloides 
Conifers 

15.2-20.3  cm  d.b.h. 
P.  tremuloides 
Conifers 

20.3-25.4  cm  d.b.h. 
P.  tremuloides 
Conifers 

25.4-30.5  cm  d.b.h. 
P.  tremuloides 
Conifers 

>30.5  cm  d.b.h. 
P.  tremuloides 
Conifers 


19 

10 

^145 

16 

6 

142 

47 

525 

116 

0 

9 

6 

28 

9 

1 

15 

21 

27 

9 

3 

37 

8 

0 

89 

0 

92 

0 

1 

87 

0 

4 

9 

13 

6 

5 

32 

31 

14 

16 

6 

60 

0 

0 

45 

0 

118 

5 

8 

251 

0 

5 

5 

6 

2 

1 

16 

6 

6 

4 

4 

63 

20 

22 

173 

0 

20 

19 

18 

28 

0 

4 

6 

4 

6 

0 

4 

0 

6 

0 

1 

22 

12 

45 

8 

0 

4 

9 

18 

0 

0 

3 

0 

3 

1 

1 

0 

0 

2 

0 

1 

6 

5 

19 

0 

0 

3 

7 

3 

0 

0 

0 

4 

3 

1 

1 

0 

0 

0 

0 

0 

1 

0 

2 

0 

0 

4 

7 

6 

0 

0 

0 

0 

3 

0 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

1 

0 

2 

6 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

■'Almost  all  were  heavily  utilized. 

^Approximately  90  percent  of  conifers  at  Grindstone  Flat  were  Abies    lasiooarpa;    at  Big  Flat,  approximately 
70  percent  were  A.    lasiooarpa,   and  30  percent  were  Plaea  engelmannii ;   Pinus  albiaaulis   and  Pseudotsuga 
menziesii    also  occurred. 


As  expected,  clearcutting  greatly  stimulated  production  of  aspen  suckers.   The 
third  growing  season  (1937)  after  cutting,  the  ungrazed  clearcut  plot  had  approximately 
26  times  as  many  suckers  as  the  ungrazed  uncut  plot  at  Grindstone  Flat,  and  approximate- 
ly 19  times  as  many  at  Big  Flat  (table  2).   By  1942,  8  years  after  cutting,  such  large 
differences  were  no  longer  apparent.   Many  of  the  suckers  on  the  ungrazed  clearcut 
either  grew  into  saplings  or  were  reduced  by  natural  thinning  (fig.  lA) .   By  1975,  over 
three-fourth  of  the  aspen  stems  on  the  ungrazed  clearcut  plots  at  both  areas  were  over 
0.5  m  tall,  and  approximately  60  percent  were  over  2  m  tall  (table  1,  fig.  IB). 


T;ible   2 .  --Changes  in  number  of  stems  and  i-anpfij  L-ovcr  i.>f  brouoc    (aspi-n  and  rdu-ulK-   undei'   1.68  r,   in 

height)   on  peimanent   2S.S  m'   qiiadixits  at   ilnndi:to}ie  Flat  and  H/'g  Flat   /'.■/?,!,  vx    2n37    ( :'  :f.'arr 
after  estahli shnent )   and  1976. 


Locat  ion 

and 
species 


1957 


Number 
of   stems 


Canopy 
cover 


194: 


Number 
of  stems 


Canopy 
cover 


1919 


Number 
of  stems 


('ano]iy 
cover 


1975 


Number 
)f  stems 


Canop\- 
c  ( )  V  e  r' 


Pey\''ent 


Percent 


Percent 


UNCUT 

CLOSED  TO  USE 
Grindstone  Flat 

Popu  I  us   tvemu  loi  des 

Rosa  woodsii 

Symphorn. aarpos  vaaainioides 


14 

12.2 

84 

17.  1 

T  -> 

6.4 

4 

75 

l._ 

15(1 

6.  5 

108 

12 

-- 

5.  5 

-- 

b.8 

25 

10.8 

77 

1.0 
5 .  9 


Big  Flat 

P.  tremuloides 


4.1 


54 


7.9 


65 


17.4 


S.5 


DEER  USE  ONLY 
Grindstone  Flat 

P.    tremulcfides 

R.    woodsii 

S.    vaccini aides 


28 

2.2 

11 

.1 

52 

84 

.1 

71 

.9 

75 

14 

12.9 

-- 

9.  2 

95 

17.0 


•t 
25 
88 


.4 
1.2 

5.9 


Big   Flat 

P.    tremuloi des 


1.1 


59 


54 


2.9 


DEER  AND  CATTLE  USE 
Grindstone  Flat 

P.    tremuloides 

R.    woodsii 

S.    vaccinC aides 


0 

91 

1 


7 

.  5 

7 

61 

1.8 

109 

4 

1.5 

5 

1 . 1 


iig   Flat 

P.    tremuloides 


41 


34 


71 


.1 


1.4 


CUT 

CLOSED  TO  USE 
Grindstone  Flat 

P.    tremuloides 

R.    woodsii 

S.    vaccini aides 


369 

05.8 

115 

40.5 

54 

.4 

81 

2.5 

-- 

11. S 

-- 

15.7 

2.  J 
.6 


Big  Flat 

P.    tremuloides 


170 


51.9 


151 


50.2 


14.  1 


DEER  USE  ONLY 
Grindstone  Flat 

P.  tremu  loi  des 

R.    woodsii 

S.    vacci  ni  ai  des 


12 

6.6 

0 

0 

9 

1 

55 

.5 

3 

2.0 

16 

1.6 

1  .0 


5ig  Flat 

P.  tremuloides 


A  dash  indicates  missing  data. 


Figure  1. — The  olearout  area  at  Grindstone  Flat  protected  from  all  ungulate  use  showing 
(A)  amount  of  reproduction  in  1942,    8  years  after  cutting ,   and   (B)   subsequent 
development  of  the  aspen  stand  by  2975,    41  years  after  cutting. 


A 


B 


Figure   ;.--:;,   ;,■ ',  .-one  Flat  exclosure  in   (A)    1942  and   (B)    1975  showing  the  clearcut 
area  open  to  deer  use  only,   and  clearcut  closed  to  all  ungulate  use.      \lote  the 
original  uncut  aspen  stand  in  the  background  of  figure  2A. 


Although  we  have  no  record  of  sucker  production  the  first  two  growing  seasons  after 
clearcutting,  we  have  no  reason  to  believe  that  initial  stimulation  of  sucker  production 
would  differ  between  the  plots  open  and  closed  to  deer  use.   By  1937,  the  effect  of  deer 
use  on  sucker  mortality  in  the  clearcuts  was  strikingly  evident  (table  2);  the  plot  open 
to  deer  use  at  Grindstone  Flat  had  only  3  percent  as  many  suckers  as  the  protected  plot 
and  the  one  at  Big  Flat  had  only  10  percent  as  many  suckers  as  the  protected  plot.   By 
1942,  neither  the  Grindstone  nor  the  Big  Flat  clearcut  plots  used  by  deer  contained 
either  aspen  suckers  or  aspen  saplings  (fig.  2A) .   The  extensive  data  collected  in  1975 
(table  1)  show  that,  although  a  few  small  suckers  were  found  on  the  cut  plot  open  to 
deer  at  Grindstone  Flat,  none  were  found  at  Big  Flat. 

Some  aspen  suckers  still  arose  at  the  edges  of  the  clearcuts  adjacent  to  the  uncut 
plots  and  adjacent  to  the  cut  but  protected  plots  that  contained  40-year-old  trees.   In- 
variably, these  suckers  were  heavily  browsed  by  deer  and  remained  less  than  about  30  cm 
tall.   Suckers  were  seldom  found  more  than  about  4  m  from  the  edge  of  the  cut.   A  strik- 
ing exception  was  an  aspen  tree,  approximately  10  cm  d.b.h.  that  grew  well  into  the 
grazed  clearcut  at  Grindstone  Flat.   This  tree  was  enclosed  by  1  m  tall  wire  net  fencing. 
Apparently,  the  tree  was  enclosed  as  a  sucker  and  so  escaped  browsing. 

Generally,  aspen  suckers  were  able  to  develop  into  saplings  and  perpetuate  the 
aspen  stands  on  these  small  plots  only  when  protected  from  deer  browsing  (fig.  2).   This 
was  true  for  both  the  cut  and  uncut  plots  at  both  Grindstone  and  Big  Flats.   Despite 
deer  use,  small  suckers  continued  to  occur  in  uncut  stands,  but  were  invariably  suppressed 
by  heavy  browsing.   In  contrast,  suckers  were  usually  present  in  grazed  clearcuts  for 
only  a  few  years  after  cutting,  probably  because  the  small,  heavily  browsed  suckers 
were  unable  to  keep  alive  the  extensive  root  system  (the  sucker  source)  of  the  cut  trees. 

Approximately  10  times  as  many  small  suckers  continued  to  occur  on  the  uncut  plots 
used  by  both  deer  and  cattle  as  on  those  used  by  deer  alone  (table  1) .   This  might  be 
related  to  reduced  herbaceous  understory  where  cattle  grazed  (table  3) .   Competitive 
relationships  might  have  been  altered  sufficiently  to  stimulate  aspen  suckering. 

Deer  and  cattle  use  apparently  did  not  directly  affect  the  success  or  persistence 
of  conifer  regeneration.   However,  conifer  reproduction  appeared  considerably  more 
successful  in  those  stands  with  an  aspen  overstory  than  those  without  (fig.  3).   In 
1975,  the  clearcut,  but  regenerated  aspen  plots,  contained  over  2  times  as  many  conifers 
less  than  10.2  cm  d.b.h.  as  those  clearcut  plots  without  an  aspen  overstory  (table  1). 
Thus,  deer  use  can  indirectly  impede  conifer  establishment  by  preventing  a  clearcut 
from  going  back  to  aspen  cover.   This  lends  credence  to  the  belief  that  aspen  commonly 
serves  as  a  nurse  crop  for  conifers.   The  plots  at  Big  Flat  contained  almost  1-1/2 
times  as  many  conifers  as  those  at  Grindstone  Flat,  but  this  is  attributed  primarily  to 
elevational  and  seed  source  differences. 

RESPONSE  OF  BROWSE 

Aspen  reproduction  less  than  1.68  m  in  height  constitutes  the  primary  browse  at 
both  Grindstone  Flat  and  Big  Flat;  aspen  foliage  above  this  level  is  not  considered 
available  to  deer.   Snowberry  (Symphorioarpos  vacainioides)    and  rose  [Rosa  woodsii)    are 
important  browse  species  on  Grindstone  Flat,  but  such  shrubs  are  lacking  on  Big  Flat. 
Thus,  ample  aspen  reproduction  is  critical  both  for  maintaining  viable  aspen  stands  and 
as  a  source  of  browse  for  deer. 


Table   3 .  --Fvoduotioyi  and  jomposi  ti on  of  undevstorii   ncgetotiori  on    the   ih'lndetotr   Flat    and.   /<?-• 
in   1975,    41  years  after  estdblishment 
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vegetat  ion 
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47 
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SHRUBS 

Berberis  r evens 
Rosa  uoodsii 
Symphoriaarpos  vaaaini aides 

GRAMINOIDS 

Agropyron  cani num 
Bromus  anomalus 
Carex  spp. 
Festuaa  idahoensis 
Poa  fendleriana 
Si  tani  on  hys  tri  x 
Stipa  aomata 
Stipa  lettermani 
Stipa  ocaidentalis 

FORBS 

Achillea  lanulosa 
Agoseris  glauca 
Astragalus  hourgovii 
Castilleja   linariaefolia 
Cirsium  undulatum 
Erigeron  speaiosus 
Fragaria  ameriaana 
Frasera  speeiosa 
Helenium  hoopesii 
Helianthella  uni flora 
Lupinus   leucophyllus 
Potentilla  pulcherrima 
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Soli  dago  deaumbens 
Taraxaeum  officinale 
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In  the  mid-1950's,  aspen  reproduction  under  1.68  m  tall  was  scarce  on  Grindstone 
Flat.   The  1957  data  from  the  uncut  plot  open  to  cattle  and  deer  use,  however,  indicated 
that  suckers  still  occurred  with  some  abundance  at  Big  Flat  (table  1).      The  amount  o[' 
aspen  browse  on  these  uncut  areas  o))en  to  use  by  both  cattle  and  deer  did  not  chanee 
appreciably  over  the  years.   Even  tlie  relatively  numerous  aspen  suckers  on  the  23.  S  iir 
quadrat  at  Big  Flat  in  1975  (over  10,000  per  hectare)  did  not  jirovide  mucli  more  than 
1  percent  crown  cover.   This  suggests  that  even  though  sprouting  nihility  persisteii  over 
the  years,  the  small  and  spindly  sprouts  provided  relatively  little  browse. 


Barring  cattle,  but  not  deer,  somewhat  benefited  aspen  browse  pi-cxhict  ion.   After 
41  years  of  deer  use  only,  crown  coverage  of  aspen  browse  was  ibout  5  percent  on  i^i.r. 
Flat,  but  still  less  than  one-half  percent  on  Grindstone  I"lat. 


^''   -'.Oh 


Figure  2. — Conifer  invasion  under    an    uncut  aspen  stand  at  Grindstone  Flat  in  1975. 

Eliminating  both  cattle  and  deer  use  on  the  uncut  areas  apparently  enabled  both 
sucker  numbers  and  aspen  foliage  to  increase  for  10  to  15  years  following  protection 
(table  2).   Browse  production  then  declined  as  the  aspen  suckers  grew  above  the  1.68-m 
available  browse  height.   After  41  years  of  protection  from  grazing,  aspen  browse  cov- 
ered over  5  percent  of  the  Big  Flat  plot  and  over  2  percent  of  the  Grindstone  Flat  plot. 
Although  foliage  mass  was  greater  on  the  protected  than  on  the  grazed  plots,  sucker 
numbers  were  not.   This  suggests  that  the  protected  suckers  were  large  and  vigorous, 
whereas  the  suckers  on  the  grazed  plots,  though  perhaps  more  numerous,  were  small  and 
weak. 

The  amount  of  rose  and  snowberry  on  the  permanent  quadrats  fluctuated  greatly  over 
the  years  under  all  grazing  and  cutting  treatments  (table  2).   However,  the  extensive 
data  obtained  in  1975  (table  3)  indicate  that  deer  use  of  the  uncut  stands  markedly 
reduced  both  of  these  shrubs,  particularly  the  snowberry. 

RESPONSE  OF  UNDERSTORY  VEGETATION 

The  single  4.88-  by  4.88-m  permanent  quadrat  placed  in  each  treatment  and  sampled 
over  the  years  provided  a  very  restricted  and  probably  invalid  sample  of  response  on 
each  area  because  of  initial  dissimilarity  of  vegetation  on  these  small  quadrats  (tables 
4  and  5) .   We  believe  the  extensive  1975  production  inventory  (table  3)  gives  a  more 
precise  account  of  species  response  to  grazing  treatment  as  identified  by  differences 
accumulated  over  the  41-year  period.   The  1975  production  inventory  is  therefore  used 
as  a  main  indicator  of  species  response  to  grazing,  with  the  permanent  quadrats  used  to 
provide  supplementary  information  on  successional  changes.   Additionally,  only  the 
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Table  4  .--Changes  in  cover  conpos-ition    (%)   of  vend  ^tion  utuler  1.68  m  in  height  on  permanent    V.i.  H  w-' 
quadrats  at  Gnndstone  Flat  between  1937    i  .5  iiearc  after  eshihli  r.hnent )   an!  1571,. 

Understory  : Closed   to   use :    Deer   use   only  :  Deer   and~"cuTt  IT 

vegetation :1957    :    1942    :    1949    :    1975    :    li)57    :    1942    :    1949    :    197~S    :    Wni  ^  v^.\:    :^<)1T) 
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Engeron  specn,osus 
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Lupinus   leuaophyllus 
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A  dash  indicates  missing  data. 
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Table  5. --Changer 
q uadra i 


.»  composition   (%)   of  vegetation  under  1.68  m  in  height  on  permanent  23.8  m^ 
J  flat  between  1937   (3  years  following  establishment)   and  1975. 
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A  dash  indicates  missing  data. 


uncut  areas  were  compared  to  evaluate  response  of  undcrstory  vegetation  to  grazing.   Re- 
sponse of  the  cut  areas  is  confounded  by  the  initial  elimination  of  aspen  overstory  hv 
cutting  and  subsequent  maintenance  of  the  grazed  openings  through  destruction  of  aspen 
suckers  by  deer.   With  the  exception  of  aspen,  species  differences  on  the  cut  areas  are 
more  likely  a  result  of  continued  lack  of  aspen  competition  than  of  direct  utilization 
by  deer. 

The  most  striking  difference  in  understory  attributable  to  animal  use  was  tlic  great 
reduction  in  total  shrubs  (table  3).   After  41  years,  the  ungrazed  area  at  Grindstone 
Flat  produced  almost  10  times  more  shrubs  than  the  area  grazed  by  both  cattle  and  deer 
and  over  3  times  more  than  that  grazed  just  by  deer.   The  graminoids  increased  under 
grazing  at  Grindstone  Flat,  but  not  at  Big  Flat.   On  both  sites,  cattle  use  apparently 
hampered  total  forb  production,  but  deer  use  did  not.   Overall  production  of  understory 
herbage  was  greatest  on  the  areas  closed  to  cattle,  but  grazed  by  deer.   Deer  browsing 
may  tend  to  reduce  the  aspen  overstory  sufficiently  to  promote  production  of  undcrstory 
herbs,  yet  forb  use  by  cattle  appears  to  hinder  overall  understory  production. 

Most  of  the  decrease  in  shrub  production  on  the  grazed  areas  can  be  attributed  to 
the  large  reduction  in  snowberry.   Of  the  graminoids,  the  sedges  [Carex   spp. )  apparently 
decreased,  but  the  presumably  palatable  fringed  brome  {Bromns  anomalus)    increased  unex- 
pectedly and  appreciably  on  the  grazed  plots.   Of  the  forbs,  western  yarrow  {Achillea 
lanulosa)    and  milkvetch  (Astragalus  bourgovii)    increased  greatly  under  grazing,  parti- 
cularly where  grazed  by  cattle.   Velvet  lupine  {Lnpinus   leuaophyllus)    increased  during 
the  41-year  period  on  all  of  the  permanent  quadrats  except  on  the  uncut,  ungrazed  area 
on  Grindstone  Flat  (tables  4  and  5).   Production  of  both  Wyoming  painted-cup  {Castille,']a 
linai'iaefolia)    and  oneflower  helianthella  {Helianthella  uniflora)    was  conspicuously  re- 
duced by  deer  use.   Showy  frasera  (Frasera  speciosa)    appeared  to  be  harmed  by  grazing 
at  Grindstone  Flat,  but  not  at  Big  Flat. 

Clearcutting  aspen  directly  affected  the  abundance  of  certain  understory  s]iecies 
by  altering  light  and  moisture  availability.   An  insight  into  environmental  requirements 
of  certain  species  can  be  gained  by  comparing  the  clearcut  areas  maintained  as  openings 
by  deer  browsing  aspen  reproduction  and  those  that  reverted  to  a  dense  stand  of  pole- 
size  aspen  (tables  3,  4,  and  5).   The  effect  of  deer  use  on  different  plant  species  in 
the  maintained  openings  can  be  discounted  by  examining  the  effect  of  deer  use  on  the 
uncut  areas. 

Eliminating  aspen  cover  greatly  benefited  the  grasses,  somewhat  improved  slirub 
production,  and  caused  a  decrease  in  production  of  forbs.   As  aspen  reproduction  devel- 
oped into  a  dense  pole-size  stand  on  the  protected  clearcuts,  cover  of  grasses  declined 
and  forbs  increased. 

The  grasses  responding  most  positively  to  removal  of  aspen  cover  were  Idaho  fescue 
{Festuaa  idahoensis)    and  the  needlegrasses  {Stipa   spp.).   Slender  wheatgrass  {Agropyron 
oaninvm) ,   mutton  bluegrass  [Poa  fendleriana)  ,    and  bottlebrush  squirreltail  [Sitanion 
hystrix)    also  increased  with  clearcutting. 

The  only  forbs  that  appeared  to  directly  benefit  by  removal  of  asjien  cover  were 
Oregon  fleabane  (Erigeron  speciosus)    and  orange  sneezeweed  (Heleniwn  houpeoii ) . 
Although  velvet  lupine  increased  on  most  areas,  it  increased  less  in  the  openings  than 
in  the  closed  stands,  suggesting  that  lupine  is  favored  by  shade.   Virginia  strawtierry 
(Fragaria  americana) ,    on  the  other  hand,  declined  on  all  areas  over  the  41 -year  period, 
but  mostly  in  the  openings,  suggesting  that  it  too  is  favored  by  shade.   Fendler 
meadowrue  (Thaliatrum  fendleri)    also  was  favored  by  an  aspen  overstory.   Interestingly, 
wavyleaf  thistle  (Cirsium  undulatum)    apparently  was  favored  by  aspen  removal  at  Big 
Flat,  but  by  a  closed  overstory  at  Grindstone  Flat.   This  is  not  unreasonable  for  the 
600-m  elevational  difference  between  the  two  areas  could  apprcciabl\'  alter  the 
insolation  and  available  moisture  relationships  for  this  species. 


MANAGEMENT  IMPLICATIONS 


Extrapolating  results  from  these  two  small  exclosure  studies  to  broad  management 
units  is  hazardous,  particularly  where  animal  behavior  is  involved.   The  exclosure 
results  suggest  that  aspen  reproduction  on  Beaver  Mountain  is  doomed  because  of  current 
levels  of  deer  browsing.   This  is  not  true.   The  error  of  such  a  conclusion  is  readily 
demonstrated  by  ample  reproduction  of  aspen  on  extensive  burns  within  a  few  miles  of 
the  exclosures  (fig.  4).   Apparently,  aspen  suckers  were  so  abundant  over  hundreds  of 
hectares  of  mixed  aspen  and  conifer  stands  that  burned  in  1958  that  combined  deer  and 
livestock  use  did  not  hamper  successful  reestablishment  of  the  aspen  stands.   Presum- 
ably, as  these  rejuvenated  aspen  stands  mature  and  become  less  dense,  ungulate  use  may 
again  be  sufficient  to  prevent  survival  and  growth  of  the  new  suckers  that  periodically 
occur. 
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Figure  4. — A   large  600-heotare  area  near  Grindstone  Flat  burned  in  1958  had  ample 

aspen  regeneration  in  1975. 
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Sampson  (1919)  found  that  moderate  use  by  cattle  docs  not  appreciably  harm  aspen 
reproduction  in  either  standing  timber  or  on  clearcuts,  but  that  sheep  .urar,  inj',  can  be 
very  destructive  unless  it  is  light.   Smith  and  others  (19721  concluded  \'rom   a  stud\- 
of  four  scattered  sites  in  Utah  that  proper  livestock  management,  especial ]>•  management 
of  sheep,  is  essential  for  regeneration  of  aspen  following  clearcutting  or  burning. 
They  also  concluded  that  the  normal  deer  populations  during  the  period  of  their  studv 
(1961  to  1969)  had  little  effect  on  development  of  aspen  reproduction  in  lariie  clear- 
cuts.   Jones  (1975)  found  that  widespread  and  "appreciable"  elk  browsing  of  aspen 
reproduction  on  a  2-hec-care  clearcut  in  Arizona  did  not  prevent  establ  isliment  of  a 
new  aspen  stand.   On  our  study  areas,  however,  deer  use  in  both  standing  timlx^r  and  in 
small  clearcuts  apparently  was  enough  to  keep  suckers  from  developing  into  saplings 
and  so  prevented  successful  regeneration. 

We  believe  that  successful  reestabl ishment  of  aspen  on  clearcuts  or  burns  may  lie 
dependent  upon  the  size  of  area  treated,  unless  deer  and  livestock  use  can  be  rigidly 
controlled.   Without  control  of  ungulate  use,  clearcutting  or  burning  less  than  about 
5  hectares  of  mature  aspen  might  be  futile.   bven  if  livestock  are  excluded  from  such 
areas  for  from  5  to  10  years,  deer  may  concentrate  on  the  small  treated  areas  and 
prevent  escape  of  the  sprouts.   Smith  and  others  (1972)  indirect  1\'  recognized  tl-is 
possibility  by  recommending  tliat  sufficiently  large  acreages  be  cut  to  provide  an 
excess  of  aspen  forage. 

Our  data  suggest  that  use  of  the  herbaceous  understory  in  standing  timber  hv 
cattle  may  alter  the  vegetation-competition  relationships  sufficiently  to  reduce 
mortality  of  young  aspen  suckers.   This  proposal  is  supported  by  data  from  Sampson 
(1919)  showing  that  about  twice  as  many  suckers  occurred  on  moderately  and  hea\'il\' 
grazed  plots  as  on  lightly  grazed  plots.   Abundance  of  sucker  ]Troduction,  liowever,  is 
no  guarantee  of  successful  regeneration.   Continued  survival  and  subsequent  growt!i  oi' 
the  suckers  is  affected  by  the  intensity  of  ungulate  browsing  and  rodent  activit\\ 
disease  incidence  in  wounded  stems,  as  well  as  dieback  from  undetermined  causes. 
Schier  (1975)  observed  that  such  sucker  dieback  is  common  even  in  vigorous  ;isiien  clones, 

A  prounounced  shift  in  species  composition  of  the  understor)'  vegetation  from  furies 
to  grasses  can  be  brought  about  by  clearcutting  aspen  stands.   This  difference  presists 
until  the  aspen  overstory  reforms  and  creates  conditions  more  favorable  for  the  forlis. 
Shrub  production  benefits  somewhat  by  aspen  removal,  but  not  as  mucli  as  the  ;'.rasscs  do. 
If  aspen  suckers  are  not  suppressed  by  browsing,  succession  back  to  fori)  dominance  of 
the  understory  may  occur  within  10  years.   Otherwise,  the  grasses  will  remain  alunulant 
as  long  as  an  aspen  overstory  fails  to  develop--unless ,  of  course,  the  grasses  are 
overgrazed  by  cattle. 

In  extensive  areas  of  aspen,  greater  habitat  diversity  and  im])roved  forage  comli - 
tions  for  both  livestock  and  wildlife  might  be  created  by  clearcutting  small,  scattered 
2-  to  5-hectare  openings.   These  openings  would  favor  the  production  of  grasses  tor 
cattle  and,  at  least  for  the  first  few  years,  aspen  suckers  as  browse  for  deer.   beer 
utilization  of  the  suckers  in  these  small  openings  would  prevent  reestabl  i  shiiient  o1 
aspen  and  thus  prolong  grass  production  for  cattle.   Ideally,  such  ojienings  would  be 
created  as  part  of  an  aspen  timber  sale  program  where  a  market  for  aspen  products 
exists . 
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RESEARCH  SUMMARY 

Presents  tables  and  equations  for  estimating  total  cubic  volumes 
of  wood,  wood  residue,  and  bark  for  ponderosa  pine,  lodgepole  pine, 
western  larch,  and  Douglas-fir.  Tables  represent  second-growth 
trees  80  years  old  or  less,  ranging  in  size  from  1-1/2  inches  d.b.h. 
to  the  maximum  diameter  measured  for  the  respective  species.  The 
equations  and  tables  provide  a  means  for  estimating  wood  and  bark 
residue  volumes  from  tops,  bole  sections,  and  smaller  submerchant- 
able  stems.  Tables  and  equations  can  also  be  used  to  estimate  total 
cubic  volume  for  the  size  classes,  species,  and  locale  sampled. 


INTRODUCTION 


Estimates  of  tree  volume,  based  on  diameter,  height,  and  species,  provide  the 
foundation  for  many  forestry  practices.   Recent  interest  in  volumes  of  forest  residues, 
jrapidly  changing  utilization  practices,  and  an  accelerated  need  to  manage  second-growth 
Istands  of  timber  have  created  a  demand  for  tables  that  indicate  not  only  the  volume  of 
iwood  in  the  merchantable  part  of  a  stem,  but  also  the  volumes  of  wood  and  bark  in  the 
nonmerchantable  parts,  and  in  stems  smaller  than  the  prevailing  merchantability  standard. 

The  accompanying  tables  (appendix)  have  been  prepared  mainly  for  the  purpose  of 
predicting  stem  residue  volumes  that  may  result  from  thinning  or  harvesting.   The  trees 
selected  for  the  study  do  not  exceed  80  years  of  age,  and  so  may  represent  stem  devel- 
opment in  unmanaged  second-growth  stands.   Minimum  tree  diameter  is  1-1/2  inches  d.b.h. 
(o.b.)  and  the  maximum  diameter  varies  by  species,  given  the  constraints  of  age  and 
growing  site.   The  sample  trees  were  obtained  from  selected  stands  on  both  public  and 
private  lands  in  western  Montana  and  include  a  broad  range  of  growing  conditions.   Only 
dominant  and  codominant  trees  were  measured,  and  no  trees  were  selected  that  showed, 
■from  ring  examination,  marked  periods  of  suppression. 


METHOD  OF  STEM  MEASUREMENT 


All  measurements  were  made  on  felled  trees  as  showii  in  figure  1.   The  total  height 
md  d.b.h.  (o.b.)  of  each  tree  were  determined  first.   To  eliminate  the  problems  of 
lisproportionate  measure  in  using  a  fixed  bolt  length,  the  tree  was  then  divided  into 
;ix  segments  of  equal  length  for  further  measurement.   A  diameter  tape  was  used  to 
leasure  diameter  outside  bark  at  the  base  of  each  segment.   Bark  thickness  at  the  base 
)f  each  segment  was  measured  using  a  Swedish  bark  gage.   At  thick-barked  section  tlie 
)ark  gage  measurement  was  augmented  with  an  axe  cut,  the  thickness  then  measured  with 
m  engineer's  scale.   A  minimum  of  three  bark-thickness  measurements  were  made  at  the 
)ase  of  each  segment  and  the  average  value  was  determined.   An  additional  measurement, 
nside  bark,  was  made  at  an  assumed  stump  height  of  1  foot  above  the  average  ground 
evel.   All  diameter  and  bark-thickness  measurements  were  recorded  to  the  nearest  tenth 
!if  an  inch.   Total  tree  height  was  measured  to  the  nearest  foot.   The  segment  lengths 
fere  converted  to  inches  and  measured  to  the  nearest  inch. 
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D.  0.  b.  and  d.  i.  b. 
base  each  segment, 


Length,  each  of 
six  equal  segments. 


Total 
tree 
height 


D.  b.  h. 
(outside  bark) 

D.  i.  b.  at  1-foot 
stump  height 


Ground  level 


Figure  1. — Stem  measurements  that  describe  diameter  and  height  for  eaah  sample   tree. 
Designated  segments^   s  ,    divide  the  total  tree  height  into  six  equal  segments. 

BASIC  VOLUME  COMPUTATION 
PROCEDURES 


stem  Total  Wood  Volume 

The  volume  of  the  middle  four  truncated  segments  of  each  tree  was  obtained  by  trea 
ing  the  segments  as  a  cone  frustrum,  while  the  top  segment  was  treated  as  a  cone.   The 
volume  of  the  base  segment  was  obtained  by  calculating  the  stump  volume  as  a  truncated 
cone  and  adding  it  to  the  remaining  segment  volume.   The  inside  bark  diameter  was 
obtained  by  subtracting  double  bark  thickness  from  d.o.b.   All  segment  and  tree  volumes 
were  developed  from  a  computer  program  specifically  written  for  the  data.   The  volumes 
were  calculated  in  cubic  feet  for  the  entire  stem,  inside  bark,  including  the  stump  and 
top. 

Top  Volume  Above  a  Specified  Diameter 

Top  volume  is  defined  as  the  volume,  inside  bark,  of  that  portion  of  the  stem 
above  a  specified  minimum  top  d.i.b.,  ranging  from  2  to  8  inches.   For  trees  in  which 
the  specified  minimum  top  diameter  occurs  low  in  the  tree  (for  example,  an  8-inch  min- 
imum top  diameter  in  a  9-inch  d.b.h.  tree),  top  volume  is  further  limited  to  that 
portion  of  the  stem  above  an  8-foot  bole  section.   Utilization  of  at  least  an  8-foot 
section  above  the  stump  is  assumed,  regardless  of  diameter. 
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D.  B.  H. ,  OUTSIDE  BARK  (INCH) 

Figure  2. — Top  volume,   defined  as  the  volume  above  a  specified  min- 
imum diameter,    varies  with  diameter  of  the  tree  and  total  height 
of  the  tree.      Illustrated  is  the  relationship  between  these 
variables  for  jjondevosa  pine. 


Top  volumes  were  calculated  by  means  of  the  same  computer  program  that  was  used  to 
calculate  total  stem  volumes.   Using  the  segment  diameters  and  hark  thicknesses  recorded 
'or  the  tree,  tlie  minimum  top-diameter  position  on  the  stem  was  calculated.   Volumes  of 
11  full  segments  above  tliis  point,  plus  the  volume  of  a  partial  segment  immediately 
'.bove  minimum  top  diameter,  were  aggregated  to  detei'mine  to]i  volume,   'i'op  volume  is  a 
'unction  of  tree  diameter  and  height,  as  illustrated  in  figure  2. 

Bark  Thickness 

Bark  thickness  was  ol:itained  using  the  measured  values  as  recorded  from  the  field 
ample.   However,  because  of  the  excessively  tiiick  bark  at  the  tree  base,  only  tlie 
easurements  of  the  upper  five  segments  were  used. 


Gross  Bark  Volume 

Gross  bark  volume  is  defined  as  the  bark  volume  for  the  entire  stem  without  allow- 
ance for  fissure  or  void  volume.   The  value  was  obtained  for  each  tree  by  subtracting 
the  volume  inside  bark  from  the  volume  outside  bark.   The  volume  in  each  case  was  cal- 
culated in  the  manner  previously  described  for  the  calculation  of  stem  volume.   Because 
d.o.b.  at  stump  height  was  not  obtained  during  the  field  measurements,  that  particular 
value  was  estimated  from  the  bark-thickness  equations  developed  for  each  species. 

Stump  Diameter  —  D.B.H.  Relationship 

The  relationship  between  diameter  at  stump  height,  i.b.,  and  diameter  at  breast 
height,  o.b.,  was  obtained  for  each  tree  using  the  information  obtained  from  field 
measurements . 


METHODS  OF  REGRESSION  MODEL 
CONSTRUCTION 


The  development  of  the  models  for  table  construction  proceeded  in  four  steps:     > 
(1)  selection  of  the  independent  variables,  (2)  graphic  analysis,  (3)  regression  anal- 
ysis, and  (4)  final  selection  of  the  model. 

Development  of  Tables 

The  regressions  and  resulting  tables  were  prepared  specifically  to  make  use  of 
measurements  that  are  commonly  obtained  under  field  conditions.   With  this  in  mind, 
diameter  breast  height,  outside  bark  (d.b.h.,  o.b.),  and  total  height  were  used  as 
fundamental  independent  variables  for  all  stem,  top,  and  bark  volume  estimates.   Diam- 
eter outside  bark  was  used  to  predict  bark  thickness,  again  because  of  the  relative 
simplicity  of  field  measurements.   Stump  diameter,  i.b.,  one  of  the  measurements  taken 
during  the  data  collection,  was  used  as  the  independent  variable  in  developing  the 
d.b.h. -stump  diameter  equations. 

Random  samples,  varying  from  10  to  20  percent  of  the  total  number  of  observations 
in  each  data  set,  were  drawn  for  graphic  analysis.   These  analyses  provided  insights 
for  the  selection  of  the  form  of  the  variables,  from  which  one  or  more  models  were 
postulated.   Stepwise,  least  squares  multiple  regression  techniques,  using  the  improve- 
ment in  the  "F"  statistic  as  a  delimiter,  were  used  to  develop  the  models.   When  more 
than  one  model  seemed  statistically  appropriate,  an  examination  of  the  residuals  was 
helpful  in  selecting  the  final  model. 

With  the  exception  of  the  stand  volume  equations,  all  volume  predictions  incorpora 
logarithmic  models.   Logarithmic  expressions  for  the  estimation  of  tree  stem  volume 
have  been  widely  used  since  1933,  when  the  method  was  proposed  by  Schumacher  and  Hall 
(1933) .   Investigators  in  other  fields  have  likewise  found  the  procedure  useful 
(Baskerville  1972;  Zar  1968). 


Two  characteristics  are  common  when  describing  functional  relationships  between 
tree  or  stem  size  and  volume.   First,  these  relationships  are  nonlinear;  and  second, 
the  variation  within  size  classes  is  neither  constant  nor  directly  proportional  to  tree 
size.   When  the  data  are  plotted  on  logarithmic  paper,  the  form  may  appear  as  a  straight 
line  with  a  reduced  heterogeneity  of  variance.   The  coefficients  of  the  resulting  log 
linear  model  can  be  estimated  by  the  method  of  least  squares. 

To  provide  comparative  statistics,  the  tables  incorporating  logarithmic  models  in- 
;lude  expressions  of  mean  error,  average  bias,  and  average  deviations,  all  expressed  in 
3ercentage.   These  expressions  indicate  the  relative  reliability  of  the  tables  with 
A/hich  they  are  associated. 

Percent  average  is  obtained  as  follows: 

100(Z  Yi  -  Z   Yi)/Z  Yi  =  100  (Y  -  Y) / Y 

vhere     E  Yi  =  sum  of  arithmetic  estimates 

E  Yi  =  sum  of  observations 

Y  =  mean  of  arithmetic  estimates 

Y  =  mean  of  observations 


Mean  error,  ex]ircssed  in  percentage,  is  an  indication  of  the  average  variation  of 
the  sample.   Expressing  the  deviation  in  percentage  tends  to  overcome  the  inherent 
problem  of  heterogeneous  variance.   The  procedure  for  calculating  tlie  mean  error  is: 


Z  (  (Yi  -  Yi  )100/Yi)-7n-k-l 
i  =  l 


vhere 


Yi  -  observed  value 

Yi  =  arithmetic  estimated  value 

n  -  number  of  observations  in  tlie  data  set 

k  =  number  of  independent  variables  in  the  model 


nasmuch  as  bias  is  included  in  the  calculation,  the  value  obtained  is  always  somewhat 
arger  than  if  an  unbiased  procedure  had  been  used  initiall}'.   I'rom  an  interpretive 
tandpoint,  the  percent  mean  error  is  analogous  to  the  usual  standard  error  (ileviation) 
f  regression. 

Although  not  appropriate  from  a  purely  statistical  sense,  average  percent  dex'iation 
irovides  an  estimate  of  the  average  deviation  of  the  individual  observations  from  tlieir 
espective  means.   In  the  past  the  value  has  often  accompanied  volume  tallies  to  provide 
he  user  with  a  rough  indication  of  variability.   Average  j^ercent  deviation  is  always 
ess  than  mean  error,  being  approximately  7S  percent  that  of  mean  error,  depending  upon 
he  magnitude  of  bias.   Average  deviation  equals 


n 

y 

i=l 


(Yi  -  Yi  )10n/Yi 


)/n 


Development  of  Stand  Volume  Tables  | 

Stand  volume  tables  are  usually  developed  from  multiple-stand  samples.   The  tables 
included  here  are  based  upon  single-stem  volume  equations  which,  when  extended,  pro- 
vide  the  tabular  values.   The  procedure  used  in  the  development  of  the  equations  con- 
sisted of  regressing  total  stem  volume  against  the  product  of  basal  area  and  total     j 
height  for  each  tree.   The  intercept  term  was  dropped  and  the  regression  coefficient 
was  used  as  an  estimate  of  cylindrical  form  factor.   Because  the  form  factor  decreases 
with  increasing  d.b.h.,  the  factor  used  to  develop  the  tables  represents  those  trees   ^ 
in  the  diameter  class  interval  of  4  to  10  inches.   The  tabular  values  are  obtained  by 
the  formula: 

V  =  KBH 

where  V  =  total  stand  volume 

K  =  form  factor 

BH  =  basal  area  of  the  stand  multiplied  by  the  average  height  of  the  trees 
sampled  for  basal  area. 

The  factors  for  the  four  species  are: 

Species  Factor 

Ponderosa  pine  0.36 

Western  larch  .36 

Douglas-fir  .40 

Lodgepole  pine  .46 

The  only  published  stand  volume  tables  existing  for  the  species  and  locale  in- 
volved in  this  study  are  for  lodgepole  pine  (Cole  1971) .   A  comparison  between  the  two 
tables  shows  remarkable  agreement,  suggesting  that  the  approach  used  here  is  worthy  of 
application  for  the  other  species  until  such  time  as  conventional  stand  volume  tables 
are  developed. 


TABLES  FOR  VOLUME  ESTIMATION 


The  Tables 

In  the  appendix  of  this  paper,  volume  estimation  tables  are  presented  for  four 
species--ponderosa  pine,  lodgepole  pine,  western  larch,  and  Douglas-fir.   In  all 
tables,  diameter  classes  indicated  are  based  on  midpoint  measurements;  e.g.,  the  6-incI 
class  includes  trees  5.5  through  6.4  inches  in  diameter.   The  tables  include: 

1.  Standard  volume  tables:  --lYiese   tables  contain  estimates  of  total  gross  cubic- 
foot  wood  volume  for  the  entire  stem,  inside  bark,  including  stump  and  top.   They  are 
intended  for  use  as  standard  volume  tables. 


2.  Top  volume   tables. --Top   volume  tables  are  included  for  specified  ininimum  top 
diameters,  inside  bark,  from  2  to  8  inches.   Top  volume  refers  to  total  gross  cubic- 
foot  wood  volume  of  the  portion  of  the  stem  above  the  specified  diameter.   Additionally, 
where  specified  minimum  top  diameter  approaches  tree  d.b.h.,  top  volume  is  limited  to 
that  portion  of  the  stem  above  an  8-foot  "merchantable"  stem  section. 

3.  Gross  bark  volume  tables. — Gross  bark  volume  is  the  total  cubic-foot  volume  of 
bark  for  the  entire  stem,  including  stump  and  top,  without  reduction  for  void  space. 

4.  Double  bark   thickness   tables . --These   tables  are  included  to  aid  in  the  estima- 
tion of  wood  and  bark  residue  contained  in  pieces  of  the  stem,  rather  than  the  entire 
stem  or  top.   The  estimates  are  based  upon  the  inside  and  outside  bark  ficlii  measure- 
ments of  the  upper  five  tree  segments. 

5.  Sti-imp  diameter-d.b.h.    relationship   tables .  --These   tables  indicate  the  relation- 
ship between  stump  diameter,  inside  bark,  and  tree  diameter  at  breast  height,  outside 
bark.   They  are  useful  in  reconstructing  stem  or  stand  parameters  from  stump  measurements, 

6.  Sta?zd  volume   tables .  --These   tables  contain  estim.ates  of  tlie  total  cubic-foot 
volume  of  a  stand  (or  component  of  a  stand,  such  as  a  given  story  in  a  multistoried 
stand)  in  cubic  feet  per  acre,  for  basal  area  and  dominant  tree  average  height  corre- 
sponding to  the  stand  or  stand  component  for  which  basal  area  was  obtained. 

Applications  and  Limitations 

Tables  of  the  kind  represented  here  are  empirically  developed,  and  the  tahular 
values  are  estimated  averages  for  each  size  class.   The  fact  that  the  values  are  aver- 
ages suggests  that  the  tables  are  appropriate  only  when  applied  to  relatively  large 
numbers  of  observations  within  the  range  of  the  source  data.   The  tabular  values  have 
been  extended  appro.\imately  two  diameter  and  height  classes  beyond  the  range  of  the 
sample  data.   Extrapolation  beyond  the  data  range  is  ill  advised,  particularly  toward 
the  upper  limits  of  the  diameter  classes  because  of  the  limited  number  of  trees 
represented  in  those  classes. 

Users  of  the  stand  volume  tables  should  be  aware  that,  in  multistoried  or  in  mixed 
stands,  volumes  can  be  obtained  by  identifying  and  measuring  each  stand  component,  then 
summing  these  partial  volumes  to  obtain  the  estimated  total  volume. 
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APPENDIX 


Volume  and  Related  Tables 
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-Top  cubic  volume,  inside  bark  (5- 
-Top  cubic  volume,  inside  bark  (6- 
-Top  cubic  volume,  inside  bark  (7- 
-Top  cubic  volume,  inside  bark  (8- 
-Gross  cubic  bark  volume,  entire  s 
-Double  bark  thickness  for  stem  se 
ponderosa  pine  


including  stump  and  top-- 


inch  top  diameter ) --ponderosa  pine, 
inch  top  d i ameter) --ponderosa  pine, 
inch  top  d iameter)  - -ponderosa  pine, 
inch  top  diameter) --ponaerosa  pine, 
inch  top  diameter) --ponderosa  pine, 
inch  top  diameter) --ponderosa  pine, 
inch  top  diameter) --ponderosa  pine, 

tem--]ionderosa  pine 

ctions  of  specified  diameter-- 
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Lodgepole  pine 
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Table 
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Table 
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Table 
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Table 

15 

Table 
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Table 

17 

Table 

18 

Table 

19 

Table 
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-Total  cubic  volume,  inside  bark,  including  stump  and 
pine 

-Top  cubic  volume,  inside  bark  (2--inch  top  diameter)-- 
-Top  cubic  volume,  inside  bark  (3-inch  top  diameter) -- 
-Top  cubic  volume,  inside  bark  (4- inch  top  di ameter) -- 
-Top  cubic  volume,  inside  bark  ('5-inch  top  diameter) -- 
-Top  cubic  volimie,  inside  bark  (6-inch  top  diameter) -- 
-Top  cubic  volume,  inside  bark  (7-inch  top  diameter) -- 
-Top  cubic  volimie,  inside  bark  (8-inch  top  diameter) -- 
-Gross  cijbic  bark  volume,  entire  stem--lodgepo]  e  pine 
-Double  hark  thickness  for  stem  sections  of  specified 
lodgepole  pine  


to]i--  lodgepole 


lodgcpol 
lodgepol 
lodgepol 
lodgcpol 
lodgepol 
1  odgejiol 
lodgepo 1 


e  pme. 
e  p  i  n  e  . 
c  pine, 
e  pine, 
e  ]iine. 
e  ]i  i  ne  . 
e  pine. 
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29 


Westerm   larch 


Table  21 

Table  22 
Table  23 
Table  24 
Table  25 
Table  26 
Table  27 
Table  28 
Table  29 
Table  30 


-Total  cubic  volume,  inside  bark,  including 

larch 

-Top  cubic  volume,  inside  bark  (2-iiich  to[)  ( 
-Top  cubic  volume,  inside  bark  f3-inch  to] 
-Top  cubic  volume,  inside  bark  (4-incii  to] 
-Top  cubic  volume,  inside  bark  (5-inch  to; 
-Top  cubic  volume,  inside  bark  (6-inch  toi 
-Top  cubic  volume,  inside  bark  (7-inch  to] 
-Top  cubic  volume,  inside  bark  (8-inch  to] 
-Gross  cubic  bark  volume,  entire  stem--wcst 
-Double  bark  thickness  for  stem  sections  of 
western  larch 


stump  and  top- -western 


1 1 amet  e 
I  i  amet  e 
li  amctc 
li  amet  o 
I  i  amet e 
I  i  amet e 
I  i  amet  e 
■rn  lai- 

spec  i  r 
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ri- 
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-weste 
-weste 
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rn  1 
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irch 
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irch 
irch 
1  fch 
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d  iainet  er-  ■ 


34 
35 
36 
3"^ 
38 
39 

4  0 


(con . ) 


Douglas-fir 

Table  31. --Total  cubic  volume,  inside  bark,  i 

Douglas-fir  

Table  32. --Top  cubic  volume,  inside  bark  [2-i 
Table  33. --Top  cubic  volume,  inside  bark  (3-i 
Table  34. --Top  cubic  volume,  inside  hark  (4-i 
Table  35. --Top  cubic  volujne,  inside  bark  (5-i 
Table  36. --Top  cubic  volume,  inside  bark  (6-i 
Table  37. --Top  cubic  volume,  inside  bark  (7-i 
Table  38. --Top  cubic  volume,  inside  bark  (8-i 
Table  39. --Gross  cubic  bark  volume,  entire  st 
Table  40. --Double  bark  thickness  for  stem  sec 
Douglas-fir  


Faqe 


ncluding  stump  and  top- 


nch  top  diameter] -- 
nch  top  diameter) -- 
nch  top  diameter] -- 
nch  top  diam.eter]-- 
nch  top  diameter]-- 
nch  top  diameter]-- 
nch  top  diameter] -- 
em--Douglas-fir  .  . 
tions  of  specified 


Douglas-fir. 
Douglas-fir. 
Douglas-fir. 
Douglas-fir. 
Douglas-fir. 
Douglas-fir. 
Douglas-fir. 


diameter- 


.41 

.42 
,43 
.44 
.45 
.46 
.47 
.48 
.49 

.50 


Stump  Diameter — D.b.h.   Relationship 

Table  41 . --Relationship  between  stump  diameter  and  diameter  at  breast  height 

Cinches] 51 

Stand  VoZioves 

Table  42. --Stand  volume,  cubic  feet  per  acre--ponderosa  pine 52 

Table  43. --Stand  volume,  cubic  feet  per  acre--lodgepole  pine 53 

Table  44. --Stand  volume,  cubic  feet  per  acre--western  larch 54 

Table  45. --Stand  volume,  cubic  feet  per  acre--Douglas-fir 55 
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RESEARCH  SUMMARY 

Relationships  between  live  and  dead  crown  weight  and  d.b.h.   (ranging 
from  0  to  40  inches),   crown  length,  tree  height,   and  crown  ratio  are 
presented  for  11  conifer  species  in  the  Rocky   Mountains.     D.b.h.  was 
highly  correlated  with  crown  weight;  however,  for  most  species,   addition 
of  height,  crown  length,  and  especially  crown  ratio  improved  precision. 
Site  index  and  stand  density  improved  precision  of  estimates  slightly  for 
about  one-half  of  the  species.     Crown  ratio  accounted  for  most  of  the 
differences  in  crown  weight  between  dominant  and  intermediate  crown 
classes.     Relationships  between  bole  weights  and  d.b.h.  and  height  are 
presented  for  trees  up  to  4  inches  d.b.h. 

For  partitioning  estimates  of  crown  weight  into  foliage,  and  branchwood 
diameter  classes  (0-  to  0.24-inch,   0.25-  to  0.99-inch,  1.00-  to  2.99-inch 
and  3.00-inch  and  larger),  accumulative  fractions  of  foliage  and  branchwood 
and  their  relationship  to  d.b.h.  are  presented.    Relationships  between 
weights  of  foliage  and  branchwood  by  diameter  classes,  highly  correlated 
with  branch  basal  diameter,  are  included. 

Bulk  densities  for  foliage  and  branchwood  of  live  crowns  ranged  from 
0,04  to  0. 14  lb/ft""  and  were  approximately  twice  that  for  foliage  alone. 
Bulk  densities  and  crown  moisture  contents  were  greater  in  the  upper  crowns 


I 


INTRODUCTION 


'I'rce  crovvns  are  a  vital  component  of  forest  hiomass  and  the  funct  i  on  i  nv,  of  foix'St 
cosystems.   Tlic  capalii  1  it\'  to  estimate  tree  croKii  hiomass  is  needed  \'nv    eva  1  iiat  i  n;', 
ire  behavior  potential  of  forest  fuels,  product  iv  i  t\',  nuti'ient  c\-clin,i',,  fiber  utili.:a- 
ion,  and  interception  of  rainfall  ami  radiation.   The  stud)'  reported  liei-e,  initiatt-d 
ut  of  the  need  to  appraise  forest  fuels,  deals  with  estimation  of  ueij'J'ts  and  si  -.es  ol 
rowns  for  commercial  conifer  species  in  the  Rocky  Mountains. 

OI\icctives  of  the  study  were  to: 

1.   Hctermine  relationships  for  predict  ins',  weij^ht  of  both  dead  and  live  tree 
Irowns,  from  d.b.h.,  crown  lenetii,  tree  heit^ht,  and  crown  ratio. 


2.      Determine  the  fractions  of  crown  weii^lit  for  foliage  and  branchwood  In'  diametei^ 
I  _c  classes  of  0  to  0.24  inch  (0  to  O.b.S  cm),  ('.2.S  to  (>.'.''.)  incii  (Cod  to  2 . '^^-^   cm), 
.110  to  2.99  inches  f2.Sd  to  7.(.1  cm),  and  .S.OO  inches  (7.02  cm)  and  b-ii-i'ei-  (fi.i'..  1). 
I'termme  the  relat  i  onsliips  amon;^  tlie  fractions,  s])ecies,  and  d.b.h. 


FOLIAGE 


F'kure   1. — Foliage  and 
^vanohwood  size  classes ^ 
\'or  determining  moisture 
\ontent  and  size  frac- 
\ions  of  crown  material. 


0  to  0.24  in 


to  0.99  in 


1.00  to  2.99  in 


* 3.00  +  in 


3.   Determine  the  bulk  density  of  live  tree  cromis. 

To  appraise  fire  behavior  potential  of  fuels  one  must  know  the  weight  of  vegetat: 
material  and  its  surface  area.   Surface  area  can  be  estimated  from  the  size  distribut: 
of  biomass.   Fuels  of  critical  importance  to  land  managers  include  downed  woody  residi 
left  after  harvesting  and  thinning  of  trees,  or  residues  created  by  factors  such  as 
windstorms  and  snow  breakage.   To  help  land  managers  in  the  Rocky  Mountain  area  appra: 
the  fuel  and  fire  hazard  of  slash,  a  system  for  predicting  slash  weights  and  fire  be- 
havior potential  has  been  developed  (Puckett  and  others  1977).   Slash  weights  are  ob- 
tained from  either  a  computer  program  for  debris  prediction^  or  a  handbook  that  detai: 
computational  procedures  for  predicting  slash  fuels  using  tables  of  crown  weight  per 
tree  (Brown  and  others  1977} .   The  computer  program  requires  tree  inventory  data  as 
input  and  computes  weights  of  foliage  and  branchwood,  unmerchantable  bole  tips,  and 
cull  material.   It  is  the  most  accurate  method  for  predicting  slash  because  it  sums 
weights  predicted  for  individual  trees  read  into  the  program. 

Rate  of  fire  spread,  area  growth,  intensity,  flame  length,  and  scorch  height  (\'ai 
Wagner  1973)  are  estimated  in  the  system  primarily  using  Rothermel's  (1972)  mathemati( 
model  of  fire  spread.  Nomographs  developed  by  Albini  (1976)  also  provide  a  means  for 
predicting  fire  behavior  in  slash. 

Many  studies  have  shown  that  crown  weights  of  conifers  and  hardwoods  can  be  pre- 
dicted from  bole  diameter.  However,  except  for  lodgepole  pine  in  Canada  (Muraro  1966; 
Kiil  1967;  Johnstone  1970)  and  Engelmann  spruce  in  Colorado  (Landis  and  Mogren  1975), 
only  limited  information  exists  for  Rocky  flountain  species  (Storey  and  others  1955; 
Fahnestock  1960).  Also,  limited  information,  especially  size  distribution  of  branchwc 
has  been  published  on  West  Coast  species  (Kittredge  1944;  Chandler  1960;  Cole  and  Dice 
1969;  Storey  1969) . 

Storey  and  Fahnestock  studied  trees  having  dominant  and  codominant  crowns  ranging 
in  d.b.h.  from  about  2  to  40  inches.   Influence  of  stand  density  on  crown  weight  was  n 
studied;  however,  site  was  shown  to  influence  crown  weight  relationships  (Storey  and 
others  1955) .   Estimates  of  amount  of  foliage  and  branchwood  were  based  on  only  a  few 
observations.   The  study  in  this  paper  combines  data  by  Fahnestock  and  Storey  with 
considerable  additional  data,  especially  describing  dead  crown  weights,  size  distribu- 
tion of  crown  components,  and  live  crown  weights  of  trees  less  than  2  inches  and  great: 
than  20  inches. 

The  branchwood  size  classes  under  3  inches  correspond  in  increasing  size  to  1-, 
10-,  and  100-hour  average  moisture  timelag  classes  for  many  woody  materials  (Fosberg 
1970).   These  size  classes  are  used  as  moisture  timelag  standards  in  the  U.S.  Nationa; 
Fire-Danger  Rating  System  (Deeming  and  others  1972).   A  moisture  timelag  is  the  amount 
of  time  for  a  substance  to  lose  or  gain  approximately  two-thirds  of  the  moisture  above 
or  below  its  equilibrium  moisture  content.   Appraisal  of  forest  fuels  is  greatly  faci: 
tated  when  data  on  biomass  are  assimilated  by  these  size  classes.   Once  weight  of 
foliage  and  branchwood  by  diameter  classes  is  determined,  surface  area  can  be  estimate 
using  surface  area-to-volume  ratios  for  foliage  (Brown  1970)  and  branchwood  (Brown  aiii 
Roussopoulos  1974) .   Weights  must  be  converted  to  volumes  using  known  or  assumed  valut 
of  density  (Brown  1974)  for  calculating  surface  area  from  volume  and  ratios  of  surfac 
area -to -volume. 


^Brown,  J.  K.  ,  and  C.  M.  Johnston.   1976.   Debris  prediction  system.   Unpublished 
report  on  file  at  the  Northern  Forest  Fire  Laboratory,  Missoula,  Montana. 
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METHODS 


Trees  of  doiiiiiiaiit  and  codominant  crown  classes  (Socict\'  of  American  I'orestei's 
44)  were  studied  for  the  followLni;  11  species  ( abl)rev  i  at  ions  are  used  in  tal)lcs  and 
gures)  : 

DF  Douglas-fir  Pseudotsiujn  inentyiesii    (Mii-b.)  i'ranco 

S  Eni;clmann  spruce  Picea  enijelmayinii      I'arr\' 

CF  Grand  fir  Abies  gvanclis    (l)ougl.)  I.indl. 

LP  Lodgepole  pine  Finns  ooyitoi'ta   Dougl. 

PP  Ponderosa  pine  Finns  ponderosa   faws. 

AF  Subalpine  fir  Abies  lasioaai'pa    (Hook.)  Nutt. 

WH  Western  hemlock  Tswja  hetevophjlla    (ILaf.)  Sars',. 

L  Western  larch  Larix  oeeiJentalis   Nutt. 

C  Western  redcedar  Thuja  [>liaata   Donn 

WP  Western  white  pine  Finns  munticola   Doui',  1. 

WBP  Whitehark  pine  Finns  albicanlis   l;n,i;eliii. 

Sample  trees  were  selected  to  complement  data  on  dominant  ami  codominant  crown 
asses  gathered  by  Storey  and  others  (i9S5)  and  i-ahnestock  (li)()()).  Combining  data 
'bnomized  effort  to  develop  prediction  equations  for  a  wide  range  of  1 1'oe  si::es. 

Trees  of  intermediate  and  suppressed  crown  classes  were  studied  i"oi'  poiulei-osa  pine 
uglas-fir,  grand  fir,  and  western  redcedar.   These  four  species  rang.e  fi'oiii  shade  in- 
(lerant  to  tolerant.   By  studying  them,  the  influence  of  shade  tolei-ance  and  crown 
Iss  and  their  interaction  on  crown  weight  per  tree  could  be  examined.   i'liroughout  the 
(lalnder  of  this  paper,  "dominants"  refer  to  both  dominant  and  codominant  crown 
iisses  and  "intermediates"  to  liotli  intermediate  and  suppressed  crown  ciassfs.   ^k)St  of 


intermediates  sampled  were  from  the  intermediate  rather  than  tlie  suppressed  croun 
ss. 


Fieldwork 

Qeotion  of  Trees 

Trees  were  selected,  ranging  from  seedling  size  to  31  inches  d.b.h.   'I'he  sampling, 
a  designed  to  include  the  natural  variation  in  crown  weight  b\-  selecting,  trees  t  I'om 
tnds  on  poor-to-good  sites  and  from  low-to-high  stand  tlensit\-  conditions  througliout 
ejtern  Montana  and  northern  Idaho  (fig.  2).      The  geographic  distribution  of  trees  is 
hjwn  in  appendix  I.   Trees  were  randomly  picket!;  Iiowever,  the\-  were  iiot  accepted  ii 
hjy  were  (IJ  open-grown  or  "wolf"  trees;  [2]    extremel}-  lopsided  in  the  crown;  (  7> ) 
e3rmed  e.xcessively  by  disease;  (4)  heavil}-  defoliated;  and  ( r> )  broken  topped.   Ihese 
U3S  applied  to  data  by  Storey  and  Fahnestock  except  that  our  sites  and  stand  den^itie 
e'2  more  restricted. 


Figure  2. — These  ponderosa  pine  show  the  variety  of  oroiM  structure  enoountered  in  the 

sampling. 

Measurements 


On  sample  trees,  crowns  were  visually  divided  into  two  or  three  horizontally 
partitioned  live  sections  and  one  dead  section  that  contained  all  dead  branches  within 
as  well  as  below  the  live  crown.   Boundaries  between  live  crown  sections  were  located 
where  diameters  and  lengths  of  brandies  changed  distinctly.   If  changes  in  crown 
structure  were  not  apparent,  two  crov^m  sections  were  identified,  with  the  boundary 
between  them  located  near  the  middle  of  the  crown.   Weights,  moisture  contents,  and 
crown  volumes  were  determined  by  crown  sections  in  order  to  characterize  crown  prop-   ■ 
erties  as  accurately  as  possible.  \ 

Trees  less  than  6  inches  d.b.h.  were  felled,  then  limbed;  larger  trees  were  climbed 
and  limbed  by  workers  using  climbing  spurs  and  safety  belt  (fig.  3).   All  branches  were 
cut  flush  with  the  bole  and  separated  by  crown  section.   Basal  diameters  of  all  live 
branches  were  measured  beyond  the  butt  swell,  1  to  2  inches  from  the  cut  end. 


* 


Weights  of  each  crown  section  and  bole  tips  to  1-,  2-,  3-,  4-,  and  6-inch  diameter 
outside  bark,  were  measured  using  spring  scales  of  varying  capacity,  depending  on 
amount  of  material.   Canvas  and  nylon  slings  held  the  crown  material  for  weighing. 
From  each  live  section,  a  sample  branch  was  randomly  picked  and  from  each  dead  section, 
a  sample  branch  was  picked  that  appeared  average  in  size  among  the  dead  branches.   The 
sample  branches  were  divided  into  foliage  and  branchwood  by  size  classes.   The  foliage 
and  branchwood  in  each  size  class  were  weighed  separately  and  moisture  contents  deter- 
mined from  duplicate  samples  ovendried  at  100°  C  for  24  hours.   In  all,  22  to  34 
moisture  samples  were  taken  for  each  tree.   For  small  trees,  most  or  all  of  the  entire 
crown  was  often  ovendried. 


are  3. — Limbs  were  severed 
y  tlie  alimber  and  allowed 
o  free-fall  except  foi'   Icwje 
annple  branches  that  were 
owered  by  rope  to  prevent 
reakage.      Tops  were  rigged 
ith  a  safety  rope  to  help 
ontrol  and  direct  the  fall. 


\  \^        i 


Trees  were  sampled  from  Ajiril  to  October  during  tliree  successive  field  seasons, 
growth  was  included  in  all  weight  and  moisture  measurements.   Once  foliage  and 
;chuood  of  tlie  current  year's  growth  could  he    sepai'ated,  thcv  were  thorouglii>-  mixed 
t  old  foliage  and  branchwood  before  moisture  samples  were  taken.   Thus,  moisture 
'iMits  were  averages  of  old  and  new^  growth. 

Most  trees  were  sampled  after  new  foliage  had  lieen  produced.   Variation  in  foliag'e 
3ass  due  to  sampling  before  and  after  growth  of  new  foliage  should  be  i  nco!isei|uent  i  a 
;pt  perhaps  for  ponderosa  pine.   For  this  species,  which  retains  on  1  >•  .S  to  1  }-ears' 
Dtli  of  foliage,  trees  with  and  without  new  foliage  were  sampled.   Thus,  this  varia- 
3  in  foliage  biomass  was  incor])orated  into  tlie  data. 


Other  measurements  included: 


ion  on 
up  to 


-D.b.h.  (outside  bark); 

-diameter  outside  bark  at  the  base  of  live  crown; 

-total  tree  height  (includes  stump); 

-length  of  bole  tips  to  1-,  2-,  7>- ,     l-,  and  6- inch  bole  diameters; 

plive  crown  length  (base  of  the  live  crown  was  identified  as  the  ])osit 

the  bole  where  a  full  crown  could  e.xist  if  lower  bi'aiulu's  uere  nuu-ed 

fill  in  open  spaces); 

-length  of  the  lower  one  or  two  live  crown  sections; 
-crown  widths  (average  of  two  perpendicular  measurements  taken  at  the  bottom 

of  each  crown  section); 
-length  of  needle-free  cavity  (measured  from  the  base  of  li\e  crown  to  a  point 

along  the  bole  where  live  foliage  was  encountered); 
-width  of  needle-free  cavity  (average  of  two  perpendicular  measurements  taken 

at  the  base  of  the  live  crown); 


--age  at  ground  level  (on  trees  greater  than  about  6  inches  d.b.h.,  age  was 
measured  at  d.b.h.  and  increased  by  a  constant  10  years  to  approximate  age 
at  ground  level) ;  i 

--site  index  (determined  from  site  index  curves  and  a  50-year  base,  USDA  Forest  ' 
Service  Northern  Region  Compartment  Prescription  Handbook,  October  1965);  and 

--basal  area  and  trees  per  acre  (for  surrounding  trees  greater  than  5  inches  d.b.l 
basal  area  and  trees  per  acre  were  measured  using  one  prism  plot  (20  basal  area 
factor)  having  the  sample  tree  at  the  center.  For  trees  5  inches  and  less  in  , 
d.b.h.,  a  1/300-acre  plot  was  used). 

Many  sample  trees  exceeded  the  d.b.h.  range  of  Storey's  and  Fahnestock's  data.   A 
large  number  of  trees  within  the  d.b.h.  range  of  their  data  were  also  sampled  to  help 
determine  whether  our  data  should  be  combined  for  analysis.   Because  Storey's  and     ] 
Fahnestock's  data  lacked  weights  of  dead  branches  occurring  below  the  live  crown  and 
Jacked  adequate  information  on  size  distribution  of  branchwood,  some  trees  within  the 
range  of  their  data  were  sampled  only  for  dead  crown  weights  and  counts  of  branch  basa; 
diameters  for  determining  size  distribution  of  crovim  material.   For  these  trees,  live 
crown  weights  were  not  recorded.   A  listing  of  data  is  in  appendix  II. 

Analysis 

Crown  Weight  and  Bole  Weight  Per  Tree 

For  each  crown  section,  fresh  crown  weights  were  reduced  to  an  ovendry  basis,  usii 
an  average  moisture  content  that  was  determined  by  weighting  sample  moisture  contents  ( 
foliage  and  the  branchwood  size  classes  by  their  respective  weights.   The  foliage  and 
branchwood  weights  were  determined  by  means  of  step  2  in  the  section  on  foliage  and 
branchwood  fractions. 

Live  crown  weights  gathered  in  this  study  are  probably  slightly  different  from 
those  of  Storey  and  Fahnestock.   In  the  studies  by  Storey  and  Fahnestock,  which  consis 
almost  entirely  of  the  same  shared  data,  live  crowns  include  dead  branches  found  withir 
the  live  crown  sections.   In  this  study,  live  crowns  contain  only  live  branches.   Most 
of  the  dead  branch  weight  occurred  below  the  live  crown;  thus,  the  inconsistency,  if  it 
exists,  should  be  of  minor  consequence.   Plots  of  crown  weight  over  d.b.h.  indicated 
that  data  from  Storey,  Fahnestock,  and  this  study  fit  together  smoothly  and  could  be 
pooled . 

For  d.b.h.  greater  than  1.0  inch,  the  relationships  between  ovendry  crown  weight^ 
and  tree  characteristics  were  determined  by  first  screening  logical  combinations  of  the 
following  variables  using  a  multiple  regression  computer  program  called  REX  (Grosenbaug 
1967)  : 

w  =  f(d,  d2,  d3,  h,  dh,  d2h,  c,  dc,  d^c,  R,  dR,  d^R) 
Inw  =  f(lnd,  Inh,  Indh,  Inc,  Indc,  InR,  IndR) 

where 

d  =  d.b.h.,  inch 

h  =  tree  height,  ft 

c  =  crov\m  length,  ft 

R  =  crown  ratio,  (live  crown  length/tree  height) 10 

w  =  weight  of  crowns,  lb. 

Unless  otherwise  stated,  the  definition  of  these  terms  applies  througliout  the  paper. 
Variables  such  as  crown  width  and  diameter  at  the  base  of  live  crown  were  omitted  from 
the  analysis;  however,  all  data  are  available  for  others  to  analyze  if  desirable. 


Ilei;4lit  chitn  were  inissiii.u  for  some  o  1'  rainiest  oels  '  s  trcx^s.   'IV  eoinplt'te  I  he  data  set, 
i^iht  was  estimated  from  he  i  i^ht -d  .  1) .  h  .  re- 1  a  t  i  oiish  i  ps  ot'  trees  from  the  same  are.i. 
own  ratio  was  withlield  from  the  se  reeii  i  iil',  process  for  dead  erowii  WL'ijdits.   lor  sert'eii- 
g,  pro;4ram  Rf;X  provides  a  printout  tliat  lists  i\atios  of  residual  mean  stpiare  to  total 
an  sc)uarc  for  all  possible  combinations  of  variabUs.   from  the  screeinn>:,  stxrral 
riable  combinations  havin;4  small  residual  mean  S(|uares  wei'e  S(.>lected  and  details  uf 
Itiple  regression  anal\-sis  examined  using  the  following,  criteria  to  dt'iermiiie  the  liest 
tt  ing  equations.   The  ecjuations  should: 

1.  Hive  unbiased  jired  i  ct  ions  for  the  data  collected; 

2.  fit  trees  greater  than  apjirox  imat  ely  4  inches  d.b.h.  reasonabl\'  well; 

3.  give  positive  predictions  throughout  tlie  rang.e  of  independent  variables; 

4.  have  as  low  a  residual  mean  square  as  possible;  and 

5.  give  reasonable  extrapolations  beyond  the  range  of  sample  data. 

To  determine  whether  site  quality  and  stand  density  could  improve  prediction  of 
ve  crown  weight  beyond  d.b.h.,  lieight,  crown  length,  and  crt)wn  ratio,  wii'iables  from 
e  "best-fitting  equations"  were  screened  together  with  site  inth'X,  trees  per   acre,  and 
sal  area  per  acre.   U'lien  regression  coefficients  for  site  and  staml  density  vai-iables 
rom  equations  selected  in  screening)  were  significant  at  tlie  ().'.'()  probabilit\-  level, 
ey  were  considered  influential. 

Trees  having  a  d.b.li.  less  than  2  inches  underwent  a  separate  regression  anal>'sis, 
Ith  height  as  the  only  independent  variable.   for  trees  4  inches  and  less,  functions 
r  estimating  total  bole  wcigitt  were  determined  in  the  same  manner  as  i'ov   crown  weights, 
ept  only  d.b.h.  and  heiglit  were  involved  in  the  screening  ]iroces 


'  ss  , 


iage,    Branahwood,    and  Bole  Fractions 

f'or  each  tree,  the  fractions  of  dead  branchwood  by  size  class  wei'c  computed  assum- 

\\    tliat  the  proportion  of  weight  in  each  size  class  for  the  deatl  samph^  branch  rejire- 

(ited  the  size  distribution  for  all  dead  branches.   However,  for-  live  crowns,  fractioirs 

1  foliage  and  branchwood  by  size  classes  were  determined  in  four  steps  involxing  all 
ruches  on  a  tree: 

1.  Simple  linear  regressions  between  weights  of  each  crown  component  and  branch, 
cal  diameter  were  determined  using  sample  liranch  data.   Besides  br.anches  i-andoml\' 
ii-.ed  from  each  crown  section,  additional  branches  were  collected  to  assui-e  having, 
inches  of  large  basal  diameters.   Natural  log  transforms  of  dependc-nt  and  i  luK'pendL-nt 
aliables  were  used  and  weights  estimated  from: 

(a  +  bflnX)  +  ^) 

>'  =  e  1  ill 

hire 

y  =  ovendry  weight  of  foliage  or  branchwood  by  size  classes,  lb 
X  =  basal  diameter  of  branch,  inch 
s^  =  sample  variance  of  the  logarithmic  equaticni  used  to  correct  for  an  a|ipi\v\  i  ma  t  e 
bias  in  converting  logarithmic  estimates  to  aritlimetic  units  ( i;asker\' i  1  K' 
1972). 

2.  Solving  equation  (1)  for  tallies  of  branches  by  basal  diameters,  weights  of 
olage  and  branchwood  by  the  0-  to  0.24-inch,  ().2.S-  to  O.^D-inch,  l.O'i-  to  2 .')'.)- i  nch , 

m  3.00-inch-and-over  classes  were  computed  for  the  live  crown  sections,  of  sample  t  i-ees 


3.  Calculated  weights  of  foliage  and  branchwood  components  were  then  adjusted  so 
that  the  sum  of  all  component  weights  equaled  the  weight  of  each  crown  section  actuall 
measured  in  the  field,  as  shown  in  equation  (2). 


n 


where 

y'  =  adjusted  weights 
y  =  calculated  weight  from  equation  (1) 
R  =  ratio  of  measured  weight  for  entire  crown  section  to  sum  of  estimated 

weights  for  all  crown  components 
i  =  index  for  foliage  and  branchwood  size  classes 
j  =  index  for  crown  sections 
k  =  index  for  individual  branches 
n  =  number  of  branches  in  a  crown  section. 

Lastly,  the  adjusted  weights  of  each  crown  component  were  sunmied  for  the  entire  tree. 

4.   For  each  sample  tree,  the  following  accumulative  fractions  of  total  live  crow 
weight  were  calculated: 

Pi  =  foliage 

P2  =  Pi  +  0-  to  0.24-inch  branchwood 
P3  =  P2  +  0.25-  to  0.99-inch  branchwood 
Pt+  =  P3  +  1.00-  to  2.99-inch  branchwood. 

A  similar  set  of  fractions  was  calculated  for  dead  branchwood  but  without  foliage 
These  fractions  were  subjected  to  a  least  squares  curve  fitting  analysis  with  d.b.h.  a 
the  independent  variable.  The  fraction  of  any  branchwood  component  can  be  obtained  as 
the  difference  between  two  accumulative  fractions.  Fitting  fractions  of  branchwood  by 
individual  size  classes  to  d.b.h.  was  attempted,  but  for  some  sets  of  data  it  was 
difficult  to  find  precise-fitting  equations.  Thus,  accumulative  fractions  were  used 
because  they  provided  well-behaved  data  sets  for  curve  fitting. 

Fractions  for  dividing  small  tree  boles  and  unmerchantable  bole  tips  into  diamete: 
size  classes  of  0  to  0.99  inch,  1.00  to  2.99  inches,  and  5.00  inches  and  greater  were 
computed  from  volume  estimates  of  each  size  class.   Volume  of  each  size  class  was 
determined  using  length  and  diameter  measurements  of  tip  pieces.   Tip  pieces  were 
considered  as  cones  and  other  pieces  as  frustums  of  cones. 

Bulk  Density  of  Crowns 

Bulk  density  of  live  crowns  was  computed  using  ovendry  weights  of  foliage  alone,! 
and  foliage  and  all  branchwood  together.   Bulk  density  of  foliage  was  computed  two  ways 
using  crown  volume  determined  with  and  without  the  needle -free  cavity.   Crown  volumes 
were  computed  from  measurements  of  length  and  width  of  the  top  crown  section  and  the 
two  lower  crown  sections  combined.   Top  sections  were  considered  as  either  cones  or 
paraboloids,  depending  on  a  shape  designation  assigned  in  the  field.   Lower  sections 
were  treated  as  frustums  of  right  cones.   The  needle-free  cavity  was  treated  as  a 
paraboloid . 


RESULTS  AND  DISCUSSION 


Crown  Weights 

ominants  Greatpr  Than   1   Inch  D.B.H. 

Ec(uatioiis    for    live   crown   weight    ai-c   [iresented    in    table    1    ami    l"oi-   dead    ei'oKii   wei;'lil 
n   table    2.       In    the   tables,    OXP    is    the   base   of  natural    iouari thins.       i-or    all    species,    an 
quation   containing  d.b.h.    as   the  onl)-    independent    variable    is   pi'esented    because   (iften 
l.b.h.    ma)'  be  the   onl\'    information   available    for   estimating   weiglit.       I'oi-    some-    species, 

b.h.    alone   provided    the   best-fitting   equation;    however,    where   aiklition    of   tree   hidght 
rown    Icngtli,    or   crow-n   ratio   to   the   C(|uation    impi'oved    fit,    these   ei|uations    are   also 
resented.      Although   the   equations    in    tallies    1    and    2   were   Judged   as    "l)est    fitting," 
ther   ecjuation    forms   and   combinations   of    i  nde]'icndent    variables    gave   good    fits   of   the 
ita.       I    found,    as   Crow    (1971)    reported,    tliat    the   best-fitting    equation    varies    b\-   data 

ts.      Several    curve    forms   can    fit    about    equal!)-  well. 

Intercept    regression   parameters    that    were    statistically    nons i  gji  i f i cant    were    some- 
Imes   retained    in   the   equations   when    the    fit    for   trees    of   small    d.b.h.    was    improvcHl. 
.thougli   tlie   regression    constants    in    tables    1    and    2   are    significant    at    a    confidence 
'•>'l    of  at    least    0.9S,    unreasonable   predictions   hevoiul    the    I'ani'.o   of    sainplo   data    are 
p      il-)le.      bxtrapolat  ion   of  equations   be)'ond   aliout    K)    inches   d.b.h.    I'isks    substantial 
(.^ '.'"]' . 

Tlie   data    for   Douglas-fir   were   particular!)'   difficult    to    fit;    hence.-,    two    eijuatioiis 
C'\i_ring   different    ranges    in    d.b.h.    are   presented.       bata    gathered    b)'    laluiest  ock    (!'.'(>(') 
cd    ni)'sclf   are   pi'obabl)'    from   different    populations.       Live    crown    woiglit    populations 
v^thin    tlie    !\acific    Xortliwest    are   known    to   be   different     (Woodard    l'.'~lj. 

This    stud)'   showed    that    to   achieve   a    good    fit    for    |irediction,    actual    dexi.itioii 
1:1. .een   observed    and   ]iredicted    observations    should    lie   examined.       It    can    be   diliicuh 
t    t'ind   a    function    that    fits    the   data    well    th  rouj'.hoiit    a    larg.e    raiig.e   of   d.b.h.       Ilivh 
R    \alues,    as   an    indicator   of   goot!    fit,    can    bc>   decei\ing.       An    examination    of    l  !n     lils-ra 
tie   on    crown   weight    prediction    suggests    that    some    studies    would    profit     from   .a    is.'cvalua- 
t,on   of   prediction    functions    to    improve   accurac)',    especiall)'    at    t  ho   outer    ends    ot    their 
d^a  range. 

In    ecjuations    for   S    of   the    11    species,    crown    ratio   or   crown    leiig.th    accounted    lor 
a|Kignif  icant    reduction   (at   the    0.11.''i    percent    probabilit)-    le\-cl)     in    I'o'^  i  diia  1  ■■■    bo'/ond 
tut    accounted    for   b\'   d.b.h.      Crown    ratio   was   more    effect  i\'e   .it     roduc  i  ng'    residual 
variation   than    either   height    or    crown    length    .iloiu^   or    in    combination,    a<    similarjs 
fund   b)'    Loomis    and    others    (l'.)O(i).       Site    index    reduced    residii.il    variation    lie\oiul    d.b.ti., 
hlglit  ,    crown    length,    and    crown    ratio    for   on!)'   western    l.ircli.       Mthoug.h    ■- i  t  e    is    known 
t(  influence    live   crt)wn    weight    ])er    tree-    (i'adaki     I'.U.i);    brown    l'.i(>.M,    t  h  i  ■^.    ^tud)'   and    woid 
b]  Store)'   and   others    (ID.S.''.)     indicatc^s    tlrit    d.b.h.     tog.etlur   with    croun    ratio   or   croun 
lugth    can    largel)'    account    for    site    eft\-cts.       Tin-es    per    acre    reduced    rcsidu.il     \ari.ition 
fc    four    species   and    basal    area    for    two    spt^cic^.      Tlu-si.'   moasuros    ol     stand    don:  i  t  ;>•    \,iro 
ii'ffcctive   variables    for   the   other    five    species.       Ia'oii    tlioiig,li    si.md    deiisit)'   w.'is 
significant    for   about    one-half   of    the    species,    tho    actual     rodnction    in    ro-.idual    \Mria- 
tim   be\'ond    that    accounted    for   hv    the    tree   d  i  iiwn^  i  (Mi    variable-;    w.is    \'er)-    small. 


Table  I. --Live  crown  weight  equations  fov  dominant  and  oodominant  trees  greater  than  1-inc 
d.b.h. 


Spe- 
cies 


MSR 


1/ 


Y  / 


100 


Range 

in 
d.b.h. 


2/ 


Equations 


GF 

L 

S 

AF 

LP 
WP 

WBP 


PP 


DF 


0.95 
.96 
.96 

.95 

.84 


,97 
.95 
.95 

.99 
.98 

.97 
.96 

.97 
.95 

95 

,93 
.85 

98 

,98 
98 


Lb  Percent 

26,100    57 


3,684 

11,470 

276 
947 

600 
1,065 

956 
1,567 

3,279 

0.889 
3.89 

7,965 
10,070 

37,560 
82,570 

4,712 

21,620 
13,460 

809 

1,076 
4,605 


36 

25 
46 

22 
30 

24 
31 

45 

5 
14 

46 
52 

36 
53 


64 
48 

15 

17 
36 


Inches 

35  1-40 

45  1-35 

29  1-29 

16  1-13 

45  1-16 

44  1-43 

10  1-8 

34  1-37 

40  1-34 

41  1-34 

27  1-32 


3/. 


3/ 
—  w 

3/., 


3/ 


w  = 


EXP[1.3094  +  1.6076(lnd]] 

EXP[0.4373  +  1.6786(lnd)] 

EXPfl .0404    +    1.7096(lndl] 

1.066    +    0.1862(d^R) 
7.345    +    1.255(d^) 

0.02238(d3)  +  0.1233Cd2R)  -  2.00 
EXP[0.1224  +  1.8820(lnd)] 


w  = 
,w  = 
w  = 


0.09470(:d^R) 
3.65  -  0.045 
EXP[0.7276  +  1.5497(lnd)] 


3.65  -  0.04534(d3)  +  0.01233(d^h) 


=  0.65  +  0.06056(d^)  +  0.05477(d2R) 

=  0.8371(d2)  -  1.00 

=  EXP[1.7273(lndR)  -  2.8086] 

=  EXP[0.8815  +  1.6389(lnd)] 


3/. 

—  w 


w  -  EXP[2.2812(lnd)  +  1.5098(lnR)  -  3.0957 
EXP[0.2680  +  2.0740(lnd)] 


w  = 


3/. 


27.94  -  0.008695(d2h)  +  0. 02839(d2c) , 
for  d  >15  inches,  and  R  >5 
EXP[1.1368  +  1.5819(lnd)]  ,  for  d  <17  ii 
1.0257d2  -  20.74,  for  d  ,>17  inches 

0.3729(d2)  +  0.2840(dc)  -  0. 005525  (d^c; 

-   4.50 
w  =    5.60    -    1.5450(d2l    +   0.  01734  (d^) +0.  38801 
w   =   EXP[0.7218    +    1.7502[lnd)] 


w  = 


—  MSR  indicates  mean  square  residuals.   For  logarithmic  functions,  MSR  was  calculate 
as  E(P-0)^/df,  where  P  and  0  are  predicted  and  observed  values  transformed  to  arithmetic 
units  and  df  is  the  residual  degrees  of  freedom. 

2/ 

—  Range  in  d.b.h.  for  sample  trees. 

3/ 

—  These  equations  are  of  the  form  Iny  =  a  +  blnX  +  (mean  square  error/2).   The  lattf 

term  corrects  for  bias  in  transforming  logs  and  is  included  in  the  intercept  term  in  the 
equations.   The  intercept  term  was  adjusted  by  (mean  square/2)  when  the  summation  of  pre- 
dicted minus  observed  values  in  arithmetic  units  showed  less  bias  with  the  correction  term 
than  without  it. 
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■-Dead  c-roiM  VfiinJit  rnnof.  icmr.    fey  Ji^i'ihutn [    utiJ  .'<• 
J  h  h 


:>il- 


ii.-f    I 'h 


R- 


^!S1^ 


T.  '■■- 


:()4 


MSR 


1  00 


A  2 
h2 


Ran  u  c 

i  n 
d.b.h. 


2/ 


20  u 

\< 
w 


I   l|U.lt    I  (Ills     ' 


1  .  5(.    +    0.013"  lid'!     -    0.  OOSr>(,  I  (il-'h  ) 

I  Xl'l  "^.r^(i.^S(  In,!  )    -    3.  SI  SI  I,     t".)i-   (1    --jx    i  lie  he 

O.SSIlivc    ci'owii    wl  )  ,     I'l.r    .1       IS    iiK-lu'S 


sy 

SSI 

12S 

S7 

9  9  2 

lOS 

9S 

11.2 

S6 

9S 

11^ 

104 

91 

67 

102 

so 


14  1-2S 


K. 


1-1(> 


1S1  ISS  IS  1-2S 


'-;  1 ) 

.  9S 

48 

IS 

1-11 

Vs' 

SS 

.98 

51 

w 

82 

1  .ir, 

(>0 

\\ 

',),S 

91  .2 

2S 

20 

1-2" 

\v 

s" 

4,S90 

79 

2U 

1  -  S  1 

\v 

98 

459 

28 

21 

1  -  S4 

\\ 

91 

1,4  SI 

SO 

W 

92 

237 

140 

20 

1-21 

IV 

84 

297 

T  ->  - 

w 

-  !\1'[S.271!)(  Imlh)    -    S.2(-0S(l,ic)    -    (-.8""]! 
=  i;\''|  S.f^l  "2(  liul  )     -    (..f.8(.0i 

=  l.f.S    +    O.S4  2(.(h)     -    O."80;Uc)    +    0.04SS2fiK-! 

=  I  XR|2.o:'S7(  hulh)    -    10.471  1  | 

=  [■,XI'|4.0S6Sf  Ind)     -    (..S4S1|,    for   d   -lo    iiudir 

=  O.Sl(livc'    crown    ivt  )  ,    fur   d       lo    iik4ics 

■-=  (0.  02(1  (d  )     -    0.02S)  (  1  i\-t^    croivn    k1  )  , 

for    d   <.10    inches 

=  0.2SS(livc    crown    wt  ) ,    for   d       10    inches 

=  h.XI'i  2.  (4)7(1  (  Ind)     -    4  .  S9~o| 

-  0.001  71S(d-'c)  +  O.SS 
=  0.001S9"(d-'h)  +  0.28 
=  0.0(.I  17(d''  ) 

=  0.0  10()S(d''' ) 

=  !-XPl2.SS70(  Ind)     -    S.~S98| 

=  7.29    +    O.027(i8(d\)     -    0  .  O0(.o-S  (  d'  c  ) 

=  0.0 1094  Id') 

^  1;XR|().01  1  1  (  lull)     -    2.0  l!)(.(  Ind)     -    19.S  lo) 

=  l-Xrjs.  S()(.iriiul)     -    o.(."68] 


-  MSR    indicates  mean   square    residuals.      I-or    loj'ar  i  1  hmi  c    functions,    MSR   w.as   calculateil 
(-Oj^/df,    uhere    P  and   0   are   predicted   and   observed   values    transformed    to   aritlvietic 
s&nd   df    is    the   residual    degrees   of   freedom. 

;-     Range    m    d   h.h.    for   sample   trees. 

-  Corrections    for    logarithmic    trans  forma.t  i  on   bias   were   omitted   because   the)-   ctintrib- 
j')re   bias   than    they   eliminated.      I)i  str  i  Inil  i  ons   appai-entl\-   deviate   cons  i  derabl  >■    friim    lo<' 

a'; 
1/ 
r     This   species    retains    little   deail   branchudod.       i'or    sample^   trees      4    inches   d.l>.h., 

v^ights    ranged    from   0.1    to   5.1    lb   and    averaged    1.1    lb. 

-  The    ecjuation    for    LP   was    from   a    free-hantl    ciir\-e    tlirough    data    that    were    insufficient 
r{^ression  analwsis. 


2200 


Figure  4. — Live  and  dead 
crown  weight  related  to 
d. b.  h.    for  groups  of 
species  having  similar 
relationships. 


DF.C 


D.  B.  H.  (IN) 

Figure   5. — The  fraction  of  total  crown  that  is  dead   (live  plus  dead  branches)  for 
dominants.      The  curves  were  plotted  from  equations  in  tables  2  and  2.      Two  species 
represented  by  one  curve  were  averaged. 


Re  1  ;it  innsh  i  ps    bctuefii    total    crouii    Kcii'jit     (li\c    plus    dead)    ainl    d.h.li.    ai'c    sliouii     In 
;urc    I.       (.'roiv'ii    \\ci,ulit    est  iinates    \'ov    i  iid  i  \' i  iliia  1     species    ef    each    i'l'eup    are    within    10 
■cent    of   the    aveivpue    for    tiie    eeiiibiiied    species    eiii-ve.       I'ijMirc     1     indicates    that     species 
erance    is    unrelated    to    cr(n\n    ueii'Jit    per    tree.      The   heaviest    ci-ouns    :trc   de\elo)H'd    hv 
iderosa    ]">Jiie,    a    relati\'el\'    iiitojerant    s|iecies,    pi-ohahlx-    because    its    brandies    L'.rou    to 
■ge   diameters.       The    lijihtest    crowns   aj-e    also   developed    b\-    an    intolerant     species-- 
;tern    larcli. 

I'or   most    species,    the    fraction   of   total    crown   weii^ht    that     i  :■.    dead    inci'eases   with 
Tcasins^   d.b.h.    and    thus    generall)'   with    increasinj',   ai'.e    (as    shown    in    fitMire    S )  .      This 
exjiectcd    because   as    trees    age,    bfanches   die   and    can    accumulate.       I'u-anch    retention 
•ies    s  i  gn  i  f  icaiit  1\'   among    S|iecies.      However,    the    pattern    of   differences    in    fijMiri'    .""i 
•s    not    appear   readil>'   explainable.      The   curve    for   grand    fir   and    subalpine    fir    shoukl 
el    off   for   trees    larger   than   about    15    inches    d.b.li.       Larch    aiiel    lodj'.epole    pine    are 
tted    from    figure    .5    because   of   negligible    liranchwood    for    larcli    antl    i  nsul'f  i  c  i  ent    data 
lodgcpolc   pine. 

inantc,   1   Inch  and  Less   in  D.B.H. 

Sejiaration   of  data    into   two   groups,    one    for   trees    greater    than    1     inch   il.b.h.    and 
for   smaller   trees,    permitted   derivation   of  more   accurate    I'elat  ionsh  i  ps    than    haiulling 
data   together.      To   obtain   adequate  data    for   tlie    small    tree   group,    trees    less    than 
idles   d.b.h.    were   treated   as   a    data    set    with    tree   height    as   an    independent    wariable. 
\jiected,    live   crown   weight    was    strongl\'    related    to   tree   height    (table    .S )  .       (".enei-a  1  1\' , 
■.ie^    of   shade-tolerant    species   weighed    more    than    crowais    of    less    tolei'ant    species.      An 
I  pt  ion    is    the    shade-tolerant    western   hemlock,    which    was    onl\-    heavier    than    western 
;;ii.      The   tolerant    trees   were   also   older   than    the    intolerant    ti'ces;    thus,    Aiiv   ma\-   hi'lp 
]'.  a  1  n    the   major   differences    in   weight.       Head    crown   weight    was    essentiall\-    negligible. 
:all    species,    it    averaged    1    percent   of   total    crown   weight.      The    largest    dead    [lercent- 
(I'.as    2.4    for   western    larch,    which    is    interesting,   because    larcli    gi'eater    than    J    inches 
Ih.    supported   the    least    cjuantity   of  dead    branches    among   all    sjU'cies. 


\\rmediates 


''Pees  QTeater   t}vxn   1   tnoli  J.  Z?. /z. --Best-f  itt  ing.   ei.|uations    for   est  imat  i  ni', 
crown   weights   are    shown    m   table   4. 


As    species    increased    in    shade   tolerance,    the   difference   between    total    crown   WL'iglits 

ominants  and    intermediates   decreased    (fig.    h).      This   was   also    true    for    live   crown 
iihts.      For  western   redcedar,    the  most    tolerant    of   the    four    s])ecies    studied,    crown 
afs   essentially   had   no   effect    on    total    weight    and    live   crown   weight    per   ti'ee.       I'or 
raerosa   pine,    the  most    intolerant    species,    total    crown   weight    of    intermediates   was 
Qt   one-half  of  that    for   dominants. 

I 

IJ  For  ponderosa  pine  and  Douglas-fir,  differences  in  crown  weights  between  crown 
atees  can  be  explained  by  crown  ratio  and  crown  length.   for  these  species  (ti-ees 
tt  12  inches  d.b.h.),  crowai  ratio  averaged  7.2  for  dominants  anil  .5.3  for  intermediates. 
ti5t  of  differences  between  pooled  residuals  of  dominants  and  intermediates  and  resid- 
1;  from  a  composite  regression  showed  that  weight  predictions  bastxl  on  li.b.li.  were 
g]Lficantly  different  (9S  percent  confidence  level).   However,  weight  predictions 
S(l  on  d.b.h.  and  crown  ratio  were  from  a  common  po])ulation.   Although  ci-own  ratio  and 
ovi  length  accounted  for  differences  in  weight  between  crown  classes,  the  projiortions 

J)liage  and  certain  branchwood  size  classes  varied  cons  iderab  1  >•  1)\-  crown  class. 


The  importance  of  crown  ratio  in  predicting  weights  of  gi-ami  fir  and  western  red- 
was  unclear.   The  test  of  differences  in  live  and  total  crown  weight  between 
classes  was  nonsignificant  for  grand  fir  and  significant  for  western  redcedar. 


Table  3. --Equations  for   live   crown  weight  of  trees   less   thcoi  2  inches  d.b.h. 


Spe- 
cies 


DF 

S 

AF 

C 

GF 

PP 

WP 

LP 

WBP 

WH 

L 


0.83 
.94 
.90 
.90 
.79 
.81 
.97 
.96 
.93 
.91 
.80 


MSR- 


i/ 


Range 
in  ht 


Equations 


Weiizht  at 
5  ft^  10  ft 


1.  156 
7.290 
1.343 
1.908 
3.138 
1.235 
0.190 
.220 
.085 
2.221 
1.230 


11 
12 
13 
12 
12 
12 
13 
12 
10 
12 
12 


-  -Ft-    - 

3.7-11.4 
1.9-10.4 
2.5-  9.9 
1.8-10.1 
3.1-14.0 
2.3-10.0 
2.8-11.5 
1.6-13.  1 
2.5-10.0 
3.6-13.6 
2.8-18.0 


-  Lb 


D0M1NA.NTS 
w  -  F,XP[-4.212 


1.2 


GF 

.85 

.374 

9 

3.7-    9.5 

C 

.96 

.142 

11 

3.7-10.4 

DF 

.66 

.985 

10 

3.6-15.6 

PP 

.35 

.268 

10 

3.9-14.6 

7.7 
7.3 

7  '> 


1.2 

4.8 

2.1 

4.3 

1.7 

3.4 

1.7 

3 . 3 

0.8 

3.1 

.7 

2.5 

.4 

2.  2 

1.9 


2.7168(lnh)] 

K  =  EXP[-3.932  +  2.571(lnhl]^   1.2 

2/ 
w  -  EXP  [-3. 335  +  2.303(lnh)]     1.4 

w  =  0. 04833  (h^) 

w  =  0.4284(h) 

w  =  0.3451 (h) 

w  -  0.3292(hl 

w  =  O.OSlllCh") 

w  =  0.070  +  0.02446(h^) 

2/ 
w  =  EXP[-5.126  +  2.563(lnh)] 

w  =  0.1128(h)  +  0.00813(h2) 

INTEFIMEDIATES 

w  =  0.0538(h2) 

w  =  0.0307(h2) 

w  =  EXP [-2. 8065  +  1.4802(lnh)]"^ 

w  =  EXP[-2.7297  +  1 .  1707  (Inh)  ]  "^ 


—'      MSR  indicates  mean  square  residuals.   For  logarithmic  functions,  MSR  was 
calculated  as  i:  (P-0)  ^/df ,  where  P  and  0  are  predicted  and  observed  values  trans- 
formed to  arithmetic  units  and  df  is  the  residual  degrees  of  freedom. 

2/ 

These  equations  are  of  the  form  Iny  =  a  +  blnX  +  (mean  square  error/2). 

The  latter  term  corrects  for  bias  in  transforming  logs  and  is  included  in  the 

intercept  term  in  the  equations.   The  intercept  term  was  adjusted  by  (mean  square/2) 

when  the  summation  of  predicted  minus  observed  values  in  arithmetic  units  showed 

less  bias  with  the  correction  term  than  without  it. 
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1  / 

(^■HlOO: 

cies 
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K 
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1    : 

Lb- 
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o.yo 
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(i(. 

15 
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9 .  (1 

.S.3 

1  S 
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.  9S 

Sl.S.S 

(.0 

1  3 

DF 
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.  'J(i 

1  ^0.  0 

30 

i:, 

Live 

.90 
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i:i 

|r 

Dead 

.  SD 
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1  10 

]  7, 

Cumhincd 

.94 

1  ,o,s:^ 

f.'.i 

1-^ 

CI- 

Live 

.92 

731.0 

r.  3 

1  r 

Dead 

.  S3 

SO.  4 

11 : 

15 

Comb ineJ 

.94 

(,51  .S 

4  3 

1  r 

c: 

Live 

.  94 

1  ,04  1 

r  r 

13 

Dead 

.  90 

:4.4 

74 

1  3 

Conihined 

.  9.S 

1  ,077 

.SO 

1  5 

I'.uii'e 


1^1, 


!- 

-" 

1  1 

V 

1  1 

1  1 

"•  / 

1  1 

2/ 

,     -, 

2/ 

i: 

2J 

1 1 

21 

1 1 

:/ 

1 1 

2J 

I    I|1M  t    I  I'll 


I  Xl'l  -0.^3-j    t    J.  JK.di  in 
I  \r|  -.-'■51  '^i.    ♦    J.  5  10(1  (  111 

1  Xl'l  -0.4JSJ  *  :.  i".:(  In 

10.9    -     1  1  .  vl(d 1     *    4.059 
-    0.O3:S3(d- h  I 
1  \L|0.  150S    *■    1  .S(>:(  liul  ) 
1  Xl'l  -  I  .  9JS0    *    J  .  'v5  -.IM  In. 
I  Xl'jo.  IJ4J    ♦    :.Ons-,  (  liul 

I  Xl'l  1  .0144    I-    1  .(.!5(.(  liul 

I  xr!-:.(.:i4  <-  j. 549:1  iik 

I  Xl'l  1.015:    f    1  .(.SV.I(  Ind 

I  Xl'|0.57.13    +    1  ."9(i0(  liul 
1  Xr|-:.;'990    •    2.V>\2\  in. 

1  xr|n.(,::4  +   i  .sjs'ji  in.i 


-^      MSR    indicates   nieaii    square    res  i  du:i  1  s  .       lor    li\i',,ir  i  t  hiiu  c    functions,    •}\<.V   w.is 
calculated    as    .''.- ( P-O) 'Vdf ,    u4iere    P    and   i)    are    pfL-dicted    ;iiul    ohserveil    \',:liies    trans- 
formed  to   arithmetic    units    ,ind   df    is    the    i-esidual    clej^rees    of    frceiloin. 

^      These    eciuations   are   of   the    form    lii)'    =    a    +    blnX    +    (mean    si|iiare    orror/Jl. 
The    latter    term    corrects    for    bias    in    transforming    loas    and    is    inchuk-d    in    tin- 
intercept    tcjTTi    in    the    equations.      The    intercept    term   was    adiustc'd    li\-    (me.in    sipi.ire/. 
when    the    summation    of   predicted   minus    observed    values    in    arithmetic    units    showed 
less    bias    with    the    correction    term    than    without     it. 
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guve  6 .--Ratio  of  total  croufi  weight  for  intei'mediates-to-lotnir.anto  ^rj  a  fioicticni 
of  d.b.h.      The  ratios  are  oalculated  from  equations  in  tables   I,    2,    and  -1. 


1 1; 


For  cedar,  the  differences  in  weight  estimates  seem  small  enough  to  ignore  from  a 
practical  point  of  view.   For  both  species,  crown  ratio  was  sampled  over  a  narrow  range 
thus,  evaluation  of  the  relationship  between  crown  weight  and  crown  ratio  was  restraine 

Over  the  range  of  d.b.h.  studied,  intermediates  supported  approximately  2  to  6   | 
times  as  much  dead  branch  weight  as  dominants.   Douglas-fir  intermediates  had  4  to  6   ' 
times  as  much  dead  branchwood  as  dominants,  the  highest  ratio  of  any  species.   Ponderos 
pine  showed  the  lowest  ratio,  the  intermediates  supporting  nearly  2  times  as  much  dead- 
wood  as  the  dominants.   The  ratios  increased  substantially  for  trees  less  than  3  inches 
d.b.h.  because  little  dead  branchwood  was  found  on  small  dominants.   Although  the  per- 
cent of  total  crown  that  is  dead  increased  with  increasing  d.b.h.  for  dominants,  it 
appeared  nearly  constant  for  intermediates.   For  intermediates  2  inches  and  greater  in 
d.b.h.,  the  dead  percentage  for  ponderosa  pine  and  Douglas-fir  averaged  about  25  perceri 
and  for  grand  fir  and  western  redcedar  about  12  percent.  ■ 


The  influence  of  crown  class  on  crown  weight  per  tree  suggests  that  for  activities 
such  as  fuel  appraisal,  crown  class  can  be  disregarded  for  estimating  crown  weights  of 
tolerant  species.   However,  for  intolerant  species,  weight  estimates  should  be  partly  I 
based  on  either  crown  class  or  crown  ratio.   Likewise,  for  estimation  of  total  stand 
biomass  involving  intolerant  or  moderately  tolerant  species,  crown  class  or  crown  ratio 
should  be  accounted  for  in  estimating  crown  weight. 

Trees  1   inch  and  less  in  d.b.h. . --Except   for  grand  fir,  live  crowns  of  intermediat 
under  2  inches  d.b.h.  weighed  less  than  crowns  of  dominants  (table  3).   For  trees  great 
than  8  feet  in  height,  the  equation  for  grand  fir  intermediates  predicts  greater  crown 
weights  than  the  equation  for  dominants.   This  holds  true  even  after  eliminating  inter- 
mediate No.  835  from  the  regression  analysis  because  it  appeared  unusually  heavy.   Ap- 
parently, several  intermediates,  at  least  35  to  45  years  of  age  and  8  to  10  feet  tall, 
were  responsible  for  the  large  weight  predictions  of  intermediates.   Although  short  in 
height,  they  had  bushy  crowns  containing  lots  of  foliage  and  branchwood.   At  comparable 
heights,  the  faster  grown  dominant  trees  contained  less  branchwood  and  foliage. 

Similar  to  the  trees  greater  than  1  inch  d.b.h.,  crown  weights  for  intolerant 
species  were  considerably  greater  for  dominants  than  for  intermediates.   For  tolerant 
species,  crown  weight  predictions  differ  only  a  small  amount  between  crown  classes 
(table  3).   Crown  ratios  averaged  less  for  intermediates  of  all  species  and  probably 
account  for  some  of  the  weight  differences  between  crown  classes.  ■ 

The  percent  of  total  crown  that  is  dead  varied  considerably  among  individual  trees 
The  percent  dead  for  the  intermediates  averaged: 


• 


Species  Percent  dead 

Ponderosa  pine  18.3 

Douglas-fir  11.8 

Western  redcedar  6.0 

Grand  fir  2.6 

The  percent  dead  of  intermediates  is  substantially  greater  than  for  the  dominants, 
probably  due  to  effects  of  shading.   Among  the  intermediates,  the  tolerant  species  ex- 
hibited a  smaller  fraction  of  dead  branchwood. 

Bole  Weights 

The  same  procedure  used  in  selecting  equations  for  crown  weights  was  applied  to 
bole  weights  (including  bark)  for  trees  4  inches  and  less  in  d.b.h.  (table  5).   Up  to 
2  inches  d.b.h.,  estimated  bole  weights  for  all  species  are  almost  the  same;  however, 
beyond  2  inches  d.b.h.,  large  differences  among  some  species  appear  (fig.  7).   For 

1ft 
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99 

.7491 

95 
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91 
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1  1 

20 

14 

15 

5 

7 

15 
IS 

9 
14 

8 
12 

25 
54 


DOMINANTS 

10  K  =  !;X1>|"0.8581  +  1  .58()5(  JDil)  1 

12  w  =  0.74  +  1  .591  (  J''  ) 

11  K  =  1  .  08  +  0.95(.l  id'  ) 

8  w  -  1.49  -  2.588(d)  +  2.297(d-'  ) 

15  K  =  1  .  15  +  0.550((,1  ') 

15  w  =  1 .455(d)  +  0.5525(d  '  ) 

12  w  -  0.52  +  0.8024(d")  +  0.172l(d') 

12  w  =  0.51  +  0.8554(d)  +  0.058  19(d  h) 

12  w  =  0.  11  +  1  .(>(K5(d''l 

12  w  =  0.55  +  0.  1004  (d-'li) 

12  w  =  0.95  +  0.5552(d'') 

12  w  =  0.28  +  0. 02592  (d-'h)  +  0.1912(dh) 

12  w  =  1 .55  +  0.4140(d  ^) 

8  w  =  1  .  55  +  0.08(.14(d''iiJ 

8  w  =  0.52  +  1  .441  (d-'l 


INTHRMl-;i)IAT!-;S 


.97 


.97 

.97 
.87 


.88; 


2.497 

1  .467 
7.110 


21 


24 
52 


iv 


■0.88 


4(d- 


.92 

5.271 

49 

11 

.79 

15.2^ 

77 

11 

10 

8 
8 


w  -  0.20  +  0.  07058  (d-  li ) 

w  =  0.74  +  0.4  005(d  ■) 

w  -  0.5  2  +  1  .550(d''  ) 

w  -  0.54  +  0.091 82  (d-'h) 

w  -  -1  .55  +  2.  172  (d-') 


1/ 


MSR  indicates  mean  square  residuals.   i-or  logarithmic  functions,  MSH,  was 
cQculated  as  z:  fP-O) '^/df ,  where  P  and  (J  arc  predicted  and  observed  values  t  i-ansfruaned 
t  arithmetic  units  and  df  is  the  residual  degrees  of  Fnunieiii. 

—   This  ecaiation  is  of  the  form  Inv  =  a  +  blnX  +  (mean  square  err(n-/2).   dhe 
I'tter  term  corrects  for  bias  in  transforming  logs  and  is  included  in  t  lie  intiTcept 
trm  in  the  equation.   The  intercej^it  term  was  adjusted  by  (mean  squarc/2)  when  the 

mmation  of  predicted  minus  observed  values  in  arithiiu^tic  units  showed  less  bias 

th  the  correction  term  than  without  it. 
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Figure   7. — Weights  of  boles  fov 
dominants  4  inches  and  less 
in  d.h.h.      Almost  all  estimate, 
for  individual  species  differ 
from  the  group  average  by   less 
than  20  percent  of  the  group 
average . 


dominants,  the  extremes  in  estimated  weights  at  4  inches  d.b.h.  are  45  lb  for  western 
larch  and  16  lb  for  Engelmann  spruce.   Differences  in  wood  density  and  tree  height 
account  for  the  difference  in  weight. 

Limited  data  from  this  study  suggest  that  bole  weights  of  intermediates  tend  to 
weigh  more  than  dominants.   Except  for  western  redcedar,  equations  in  table  5  yield 
greater  bole  weights  for  intermediates  than  dominants.   For  western  redcedar  and 
ponderosa  pine,  differences  in  bole  weights  between  dominants  and  intermediates  were 
statistically  nonsignificant  according  to  a  test  of  differences  between  pooled  resid- 
uals of  dominants  and  intermediates  and  a  composite  regression  (90  percent  confidence 
level).   For  grand  fir  and  Douglas-fir,  bole  weights  were  significantly  different  be- 
tween dominants  and  intermediates  (99  percent  confidence  level) . 

Whole  Tree  Weights 

For  seedlings  and  small  saplings,  separation  of  crown  weights  from  bole  weights 
may  be  undesirable  for  some  purposes.   Thus,  the  equations  in  table  6  were  derived  to 
estimate  whole  tree  weights.   Weight  estimates  for  individual  species  are  within  about 
15  percent  of  the  average  for  the  group  of  species.   Weights  of  intermediate  grand  fir 
can  be  predicted  using  the  equation  for  dominant  grand  fir. 

Ponderosa  pine,  Douglas-fir,  Engelmann  spruce,  and  subalpine  fir  weighed  notice- 
ably more  than  the  other  species  (fig.  8).   For  trees  over  5  ft  tall,  average  d.b.h.   j 
and  age  of  the  heaviest  species  group  were  greater  than  the  other  species.   Although 
rate  of  height  growth  for  the  heaviest  species  group  was  less,  more  dry  matter  in 
crowns  and  boles  had  been  produced.   Proportions  of  foliage  and  branchwood  are  summa- 
rized in  appendix  III. 


* 


Table  b .  - -Eaiii.7tion.?  foi'  pivdictfno  wkou    tree  iv-':hf:o    C;.v' 
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|iOML\;WIS 

34      58  K  =  PXPf-3.3S5  +  :.5eil)  Inlil 

52  42  K  --  I  XP(-:.s7(i  -1-  :.  l-:5  Inhl 

43     37  u-  =  P\P(-3.'":o  +  :.41  I  Inlil 

"7         11  K  =  pxp(-4.s:4  *  :."::  inhi 

I.NTP.RMF  DIATI  S 

58      31  w  =  1 XP(-2.915  +  1 .923  Inh) 


^   MSR  indicates  menn  square  residuals.   lor  logarithmic  Functions,  MSR  v:as 
calculated  as  :  (P-Oj-'/df,  uhere  P  and  F)  ,are  predicted  and  obser\'ed  v.alues  t  r.uisfornied 
to  arithmetic  units  and  dF  is  the  residual  degrees  of   freedom. 

Tliese  equ.ations  are  of  the  form  1  ny  -  a  +  hlnX  +  (iiie.m  S(|uare  error/.'). 
The  latter  term  coi'rects  for  bias  in  transforming  logs  and  is  inciud'/d  in  the  inter- 
cept term  in  the  equations.   'Fhe  intercept  term  was  adjusted  b\'  (mean  square/2) 
when  the  sunmiation  of  predicted  minus  observed  values  in  arithmetic  units  showed 
less  bias  with  the  correction  teriii  than  withotit  it. 


Hkre  8. — Whole  tree  weights 
pr  trees  less  than  IS 
feet  tall. 
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Table  7 .--Simple   linear  regressions  for  estimating  weight  of  foliage  and  branahwood  components  of  individual  branches 
from  dominant  and  aodominant   trees.      Regressions  are  of  the  form  Inw  =  a  +  b(lnd)  where  w  =  weight,    lb; 
d  =  branch  basal  diameter,    inches.     Bias  was  corrected  as  shown  in  equation    (1) 
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L 

PP 

LP 

KP 
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a 

-0.6747 

-0.4568 
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-0.5089 
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-1 
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-1.070 

-1.077 

-1.378 

-1.008 

b 

2.126 

2.690 

3.268 

2.390 

2.192 

2.694 

7 

426 

2.399 

2.607 

2.638 

2.664 

n 

40 

37 

35 

30 

44 

30 

23 

41 

28 

45 

24 

r2 

.91 

.91 

.91 

.86 

.89 
1 . 00  TO  . 

.92 
?.99  INCHES 

87 

.94 

.92 

.91 

.79 

a 

-1.000 

-1.485 

-1.675 

-1 .168 

-1.318 

-.9333 

- 

7957 

-1.125 

-1.159 

-2.894 

-2.180 

b 

3.002 

3.960 

7.047 

3.912 

3.536 

3.184 

1 

861 

2.490 

3.  199 

5.106 

3.351 

n 

20 

13 

9 

12 

IS 

12 

10 

18 

11 

14 

4 

r2 

.83 

.83 

.79 

.85 

.96 

.78 

63 

.89 

.80 

.91 

.76 

3 

00  INCHES 

AND  GREATER^ 

a 

-3.687 

b 

4.363 

n 

11 

r2 

81 

-^   For  species  other  than  PP,  material  3  inches  and  larger  either  did  not  exist  or  was  approximated  by  means 
other  than  regression  analysis. 


Branch  Weights 

Using  logarithmic  transformations,  weights  of  foliage  and  branch  components  for 
individual  branches  were  highly  correlated  with  branch  basal  diameters,  as  shown  in 
table  7  for  dominants  and  table  8  for  intermediates.   The  pattern  of  weight  curves  for 
individual  branch  components  shown  in  figure  9  for  grand  fir  is  typical  of  most  species. 
Except  for  western  larch,  the  1-  to  3-inch  branchwood  class  has  the  steepest  regression 
slopes  showing  a  rapid  increase  in  the  weight  of  the  largest  diameter  material  as  branch 
basal  diameter  increases. 

Foliage  weight  per  branch  related  closely  to  species  tolerance  with  the  most  toler- 
ant species  supporting  the  most  foliage  (fig.  10).   For  the  species  groups  in  figure  10, 
deviations  in  foliage  weight  between  individual  species  and  the  group  average  were 
mostly  less  than  10  percent  of  the  group  average.   The  maximum  deviation  was  a  negative 
25  percent  for  western  white  pine. 

Foliage  and  Branchwood  Fractions 

For  each  species,  five  or  six  equations  were  required  to  describe  the  accumulative 
fractions  of  live  and  dead  crown  components.   Most  equations  were  exponential,  and  for 
live  crown  weight  they  provided  close-fitting  relationships  between  accumulative  crown 
fractions  and  d.b.h.  (fig.  11).   Because  of  variation  in  retention  of  dead  branchwood, 
accumulative  fractions  of  dead  crown  components  were  less  closely  correlated  with  d.b.h. 
than  accumulative  fractions  of  live  crown  components.   Equations  for  accumulative  crown 
fractions  and  conditions  for  maintaining  reasonable  solutions  at  limits  of  the  data  are 
in  appendix  III. 
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Figure  10. — Foliage  weight  per  branch  for  groups  of  species  that  reflect  general   levels 
of  species  tolerance.      Group  1   is  the  most  tolerant  and  group  4  the   least  tolerant. 
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Figure  11. — Accumulative  fractions  of  crown  components  for  live  crowns  of  Bouglas-fiT. 
For  Pi,    P2,   and  P3,   r^  =  0.95  and  for  Pi,^   r^  =  0.43. 
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liguve  12. — Foliage  and  branahwood  fractions  of  live  croim  weight  reUsted  to  dJi.h. 
dominants  of  western  lasreh,  Douglas- fir,  and  westerm  vedceday.  The  n<y[vs  for  fj 
and  0-  to  0 .24-inch  branchwood.  encompass   the  fractions  of  nil    II   s:< ■:--', -'a  studied. 
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Relationships  between  d.b.h.  and  actual  fractions  of  foliage  and  bi^anchwood  compo 
nents  follow  similar  trends  among  species,  probably  largely  influenced  by  the  mechanical 
requirements  for  supporting  suspended  loads  (McMahon  1975)  (fig.  12).   Foliage  and  0-  to 
0.24 -inch  branchwood  fractions  decrease  markedly  witli  increasing  d.b.h.   The  0.25-  to 
0.99-inch  branchwood  fractions  display  the  greatest  variation;  however,  they  generally 
increase  up  to  4  to  12  inches  then  decrease.   The  1.00-  to  2.99-inch  branchwood  frac- 
tions increase  steeply  throughout  the  range  of  sample  tree  data  except  for  ponderosa 
pine.   Its  fraction  levels  off  above  a  d.b.h.  of  20  inclies  because  increasing  amounts 
of  branchwood  exceed  5  inches  in  diameter. 

Large  fractions  of  foliage  and  branchwood  components  are  not  necessarily  associated 
with  large  weights  per  tree  of  foliage  and  branchwood  components.   The  crown  weights  and 
component  fractions  must  be  viewed  together  to  determine  component  weights.   Generally, 
the  tolerant  species  support  the  greatest  weights  of  foliage,  an  exception  being  ponder- 
osa pine  which  produces  nearly  as  much  foliage  as  Engelmann  spruce  at  comparable  tree 
diameters.   Weights  of  0-  to  0.24-inch  branchwood  are  greatest  for  the  firs  and  hemlock. 
Weights  of  branchwood  exceeding  1  inch  are  considerably  greater  for  ponderosa  pine  than 
for  other  species. 

For  the  species  where  dominants  and  intermediates  were  both  sampled,  the  fraction 
of  foliage  for  the  dominants  was  consistently  greater  than  for  the  intermediates, 
averaging  3  percentage  points  more  at  2  inches  d.b.h.  and  16  percentage  points  more  at 
12  inches  d.b.h.   Differences  in  branchwood  fractions  between  dominants  and  inter- 
mediates varied  by  species  and  d.b.h.;  thus,  any  pattern  of  differences  common  to  all 
species  was  not  evident. 

Bolewood  Fractions 

Weights  of  unmerchantable  tips  and  boles  of  trees  4  inches  and  less  in  d.b.h.  can 
be  partitioned  into  0-  to  1-inch,  1-  to  3-inch,  and  3+-inch  diameter  size  classes  using 
fractions  in  table  9.   Because  unmerchantable  tip  and  small  tree  bole  material  0  to  0.2S 
inch  in  diameter  was  insignificant,  this  size  class  was  lumped  into  the  0-  to  1-inch 
class.   The  size  class  fractions  are  averages  of  data  for  all  species.   They  were 
averaged  after  finding  that  variation  of  the  fractions  among  species  and  dominants  and 
intermediates  was  small. 


Table  9 . --Fractions  for  partitioning  weights  of  unmerchantable  tips  (for  trees 
5  inches  and  greater  d.b.h.)  and  small  tree  boles  (4  inches  and.  less 
d.b.h.)   into   0-   to   1-inch^    1-    to   3-inch,   and  3-h-inch  size  classes 


Size 

Tips 

Small 

tree  boles 

class 

:Merchan 

table 

top  diameter. 

in  ches 

1 

D.b 

h., 

inches 

(inch) 

:   3 

4     : 

6 

:     2 

3    : 

4 

0  -  1 

0.03 

0.01 

0.003 

0.08 

0.03 

0.01 

0.01 

1  -  3 

.97 

.39 

.10 

.91 

.83 

.31 

.19 

3+ 

0 

.60 

.90 

.01 

.14 

.68 

.80 
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Validation  of  Predictions 

Verification  of  prediction  equations  is  an  arduous  task  Inn-ausc'  iii;ui\-  souiees  a\' 
ariation  in  inventorying  standing  trees  and  weights  of  downetl  material  ai"ter  cutting 
re  difficult  to  control.   Nonctlieless ,  jn'edict  ions  were  comparixl  ag.ainst  i  nx'entor  i  ed 
jiglits  in  tiiree  stands  dominated  by  a  single  spec  i  es- -poiulerosa  jiiiie,  l)ouglas- f  i  r ,  aiul 
3dgepole  pine.   Crown  and  lu)le  weiglits  were  predicted  before  cutting  from  complete 
tand  inventories  on  areas  approximately  0.15  acre  in  size.   n.li.h.,  crown  ratio,  anLl 
rown  class  were  used  in  the  predictions.   After  cutting,  the  fi'esh  slash  was  inten- 
ively  inventoried  using  the  planar  intersect  metliod  (Brown  and  Roussopoulos  l'.)71). 

For  slasli  less  than  5  inclies  in  diameter,  jiredicted  weiglits  wei'e  less  than  in- 
3ntoried  weights  by  15,  22,  and  37  percent  of  inventoried  values.   for  all  slash, 
redicted  weights  varied  from  4  ])ercent  more  to  15  percent  less  than  inventtiried 
?ights.   Some  of  the  discrepancies  were  traced  to  biases  in  the  test;  thus,  diffiT- 
ices  between  predicted  weights  and  actual  weights  would  be  less  than  inilicaled  b\-  our 
i?st .   The  work  in  conducting  a  field  verification  test  and  the  inccnic  lus  i  veness  of 
|)mparing  two  estimates  based  on  sources  of  variation  that  are  difficult  to  control 
iikes  this  type  of  verification  unappealing.   The  most  productive  verification  would 
additional  crown  weight  sampling. 

Considering  tlie  standard  errors  of  estimate  for  the  crown  and  Imle  weiglit  ec]uations 
d  the  verification  test,  most  estimates  of  slash  weiglit  from  crowirs  and  unmei-chantaji  le 
le  tips  for  a  stand  of  trees  should  be  within  20  ])ercent  of  the  true  mean.   (Iccasion- 
)1\-  estimates  can  be  expected  to  deviate  from  the  true  mean  b>'  as  much  as  50  jxM'cent. 

Crown  Bulk  Density 


Bulk  density  of  live  crowns  influences  crown  fire  potential,  interception  of   rain- 
11,  interception  of  forest  fire  retardants,  infrared  detection  of  forest  fires,  and 
|her  phenomena.   Quantifying  bulk  densities  should  help  understand  how  tree  species 
rtfect  these  phenomena  and  assist  in  analytical  modeling  of  tree  crown  influences. 

For  dominants,  bulk  densities  for  foliage  and  all  branches  of  live  crt)wns  ranged 
6bm  0.04  to  0.14  lb  per  cubic  foot  (fig.  15).  Tlie  lowest  bulk  densities  were  ilispla\ed 
5'J  western  redccdar  and  western  larch,  probably  largely  because  of  the  open  crown  natui-e 
)(  these  species  (Harlow  and  Harrar  1950).  Crowns  of  whitebark  pine  had  the  gi-eatest 
5kk  densities,  probably  because  the  sample  trees  were  relativel>-  old  and  slow  grown, 
Url  possessed  short  thick  branches.  Subalpine  fir  and  Fngelmann  spruce  also  had  hig.h 
nik  densities,  probably  because  branches  were  densely  distributed  within  nari-ow  crowns. 


Bulk  densities  for  foliage  of  live  crowns  averaged  one-half  of  the  bulk  densities 
entire  crowns  (foliage  and  branchwood)  .   The  ratios  of  foliag,e  bulk  density  to 
sriire  crown  bulk  densities  ranged  from  0.5fi  for  [lOTiderosa  [line  to  O.dl  for  I'.nge  linaim 
sfuce.   Species  having  high  crown  bulk  densities  also  had  higli  foliage  bulk  densities. 
Adversely,  species  having  low  crown  bulk  densities  also  had  low  foliage  bulk  densities. 
i 

;   Bulk  densities  for  foliage  computed  using  crown  volumes,  excluding  fo  1  i  age- 1  i-ee 
:aities,  differed  only  slightly  from  bulk  densities  liased  on  crown  \'oluiiies  including 
fo|iage-free  cavities.   Because  foliage-free  cavities  were  a  small  part  of  crown 
/olumes,  only  bulk  densities  based  on  tlie  entii-e  live  crown  volume  are  prescMitcl  lu-re. 
-oliage-free  cavities  of  the  pines  and  larch,  ivliich  are  general  1>-  more  intolerant  cuul 
reain  foliage  for  only  1  to  5  years,  were  larger  than  cavities  of  tlie  uther  species. 
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Figure   13.— Live  crown  bulk  densities  of  dominants  for  foliage  and  for  foliage  and  ^ 
branohwood  together.      For  all  species,    coefficients  of  variation  for  bulk  densities 
of  foliage  and  branchjood  ranged  from  32  to  65  percent,   and  averaged  47  percent. 


Hence,  bulk  densities  were  altered  more  by  omission  of  foliage-free  cavities,  as  shown 
by  the  average  ratios  of  bulk  densities  including  foliage-free  cavities  to  those  with-j 
out  foliage-free  cavities: 


Species 

L,  WP,  PP,  LP,  WBP 
AF,  GF,  DF,  WH,  C,  S 


Ratios 

1.16 
1.03 


To  investigate  the  relationship  between  bulk  density  and  d.b.h.,  regression 
analysis  using  polynomial,  exponential,  and  linear  models  was  employed.   Relationships 
for  only  three  species  were  significant  and  of  these,  the  highest  r^  was  0.33.   Although 
regression  analyses  failed  to  confirm  relationships  between  bulk  density  and  d.b.h., 
a  plot  of  bulk  density  over  averages  of  d.b.h.  groups  indicates  that  bulk  density  de- 
creases as  d.b.h.  increases,  at  least  up  to  4  inches  d.b.h.  (fig.  14).   One  exception 
was  ponderosa  pine  where  bulk  density  increased  with  increasing  d.b.h.   Sample  ponder- 
osa  pines  of  large  d.b.h.  were  primarily  from  poor-to-medium  sites.   They  supported 
many  heavy  branches,  3  to  6  inches  in  diameter,  that  probably  accounted  for  the  in- 
creased bulk  density  at  large  d.b.h. 
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igure   14.  — Live  ofow) i  hu I k 
densities  for  foLia-je  and 
bvanchwood.  of  dominants  ve- 
lazed  to  d.h.li.      Lod.jepole 
vine  was  omitted  hcaause 
all  of  its  scvnplc   trees  loere 
less   than  2  iyiehes  d.h.li. 
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Bulk  densities    increased   vertically   tlirouuh   the   crovv^^s,    as    shown    in    the    follou'inj; 
.lulation  of   live  crown  bulk  densities: 


C'POhm  section 


Speaies  group 


DF,  GF,  WP,  PP,  LP 

AF,  WBP 

C,  L 

S 

WH 


Top  Middle  and  bottom. 

(Pounds  per  cubic  foot) 


123 

0.075 

225 

.110 

060 

.04  2 

114 

.102 

072 

.  068 

Ratio  of  top- to- 
middle  and  hot  to)'. 


1.6 
2 .  0 
1  .  1 
1  .  1 
1.  1 


i     Bulk  densities  of  each  species  in  a  group  were  within  10  percent  of  the  i',roup  avcr- 
gj.   Engelmann  spruce  and  western  hemlock  showed  little  variation  in  bulk  densities 
eWeen  the  upper  and  lower  portions  of  the  crown.   Most  of  these  saiiijile  trees  had  small 
.ij.h.   The  data  for  the  other  tolerant  species  indicate  that  variation  in  bulk  density 
e-yeen  upper  and  lower  crown  sections  is  greater  for  large  trees.   Tluis,  larger  spruce 
n(  hemlock  than  studied  here  may  show  greater  vertical  variation  in  bulk  densit>-. 

I  Bulk  density  of  intermediates  was  less  than  for  dominants  but  on  1  \-  decidedly  so  for 
rad  fir,  as  shown  in  the  following  tabulation  of  intermetl  iatc-to-dominant  l^ilk  density 
alios: 


Species 


DF 
PP 
C 
GF 


Intermediates- to-dominants  ratios 


Foliage  and  branches 

0.<S0  (0.20) 

.87  (NS) 

.95  (NSl 

.66  (0.02) 


Foliage 

0.81  (NS) 

.92  fNS) 

.92  (NS) 

.56  fO.Ol 
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The  parentheses  contain  levels  of  significance  from  a  two-tailed  t-test  of  differences 
between  the  bulk  densities  for  intermediates  and  dominants.   Branches  of  the  sample 
grand  fir  intermediates  appeared  normal  in  length  but  were  more  spindly  and  sparsely 
distributed  than  for  dominants.   Hence,  crown  volume  of  intermediates  was  large  rela- 
tive to  weight,  resulting  in  low  bulk  densities.   Surprisingly,  bulk  densities  of 
intermediates  and  dominants  for  ponderosa  pine  were  not  significantly  different. 
Apparently,  both  crown  weight  and  volume  are  reduced  for  intermediate  ponderosa  pine, 
resulting  in  little  change  in  bulk  densities.   This  seems  likely  to  hold  true  for  other 
species  as  well . 

Moisture  Content 

Moisture  contents  were  intensively  sampled  to  determine  ovendry  crown  weights. 
Thus,  reliable  moisture  estimates  of  foliage  and  branchwood  at  top,  middle,  and  bottom 
live  crown  positions  were  obtained.   Coefficients  of  variation  computed  for  each  species 
using  individual  tree  moistures  averaged  16  percent  for  foliage  and  18  percent  for 
branchwood.   Evaluation  of  differences  in  moisture  content  among  species  and  of  seasonal 
variation  in  moisture  content  was  confounded  by  uncontrolled  sources  of  variation  and 
thus  was  not  attempted. 

At  the  same  crown  positions,  foliage  moisture  was  consistently  greater  than 
branchwood  moisture  by  an  average  of  24  percentage  points  (table  10) .   Moisture  contents 
of  both  foliage  and  branchwood  were  highest  in  the  top  sections  and  decreased  dowTiward 
through  the  crown.   Perhaps  the  upper  sections  of  tree  crowns  contain  a  larger  propor- 
tion of  young  growth  that  is  characterized  by  low  dry  matter  content  and  high  percentage 
moisture  content  than  the  lower  sections  of  crowns.   Or  perhaps  growing  tips,  distrib- 
uted more  densely  in  the  upper  sections,  exercise  priority  in  the  distribution  of  water 
in  response  to  internal  water  deficits  (Kramer  and  Kozlowski  1960) .   In  either  case,    ^ 
higher  moisture  contents  are  maintained  in  the  upper  crown.   The  moisture  content  of 
entire  live  crowns  averaged  102  percent  for  dominants  and  86  percent  for  intermediates. 
Thus,  simply  doubling  ovendry  weights  of  crown  material  should  result  in  reasonable 
estimates  of  fresh  green  weights. 

Although  the  data  clearly  indicate  that  the  moisture  content  of  dominants  is 
greater  than  intermediates,  conclusions  are  tenuous  because  influences  such  as  date  and 
site  confound  the  data  for  this  comparison.   Differences  in  moistures  between  crown 
sections  of  intermediates  are  much  less  than  for  dominants.   In  fact,  foliage  moistures 
of  intermediates  appear  uniform  throughout  the  cro^^m. 

The  variation  in  moistures  between  foliage  and  branchwood  and  by  crown  position 
points  out  the  need  to  select  samples  wisely  when  studying  tree  crown  moisture  contents 
in  order  to  avoid  bias. 

This  study  has  provided  equations  based  on  about  500  sample  trees  for  predicting 
weights  of  foliage,  live  and  dead  branchwood,  and  small  tree  boles.   Relationships  be- 
tween tree  crown  biomass  and  d.b.h.,  tree  height,  crown  length,  crown  ratio,  and  crown 
class  were  evaluated  in  selecting  the  most  precise  and  useful  equations.   Tree  crown 
bulk  densities  were  also  determined.   This  information  provides  a  basis  for  appraising 
fire  behavior  potential  of  tree  cutting  activities  in  advance  of  cutting.   Numerous 
other  applications  from  predicting  tree  crown  biomass  are  also  possible. 
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APPENDIX  I 


Geographic  Distribution  of  Sample  Trees 

Location  of  sample  trees  is  presented  primarily  to  lielp  otlicrs  who  may  wish  to 
bine  data  of  their  own  with  data  from  this  study  ffij;.  15  and  table  11). 
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Fig-ure  1 5 . -Geographic  distribution  of  srv^rple  trees.      Uwribers  on 
the  rnau  are  identified  in  table  11. 
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APPENDIX  II 


Listing  of  Data 

R;nv  data  for  dominants  are  in  talilc  12  and  for  intermediates  in  table  13.  In  both 
*:  ls  ,  tree  numbers  witb  a  prefix  C  designate  sample  trees  for  which  live  crown  weiglit 
Mint  measured.   A  dash  in  a  column  of  data  means  no  data  taken. 

hata  from  Fahnestock  (I960]  and  Storey  and  others  (1955)  that  were  used  in  foi-iiiulat 
a  1  1  \'e  crown  weiglit  equations  are  not  listed.   However,  the  d.b.h.  distribution  of 
er  sample  trees  is  shown  in  table  14. 
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Table    lA . --Distribution  of  sample    tyeos  bu   <!.h.h. 
from  doto  hu  Fohnestc-ok    (196oi  .ino 
Stoveii   o>iI  r.fJioi'!^    (19bl'  ) 


D.b.h.    : 

s 

^ecies 

inches): 

l'¥ 

:     L 

S     ; 

I^r   : 

IV  r     : 

:  PF'  : 

IIF   : 

Wli 

2  -    5.9 

1 

T 

3 

-) 

1 

1 

1 

1 

b-    9.9 

1 

1 

-) 

b 

T 

1 

3 

1 

10-15.9 

b 

T 

29 

10 

3 

5 

14-17.9 

5 

11 

'^ 

4 

11 

3 

11 

1 

18-21.9 

6 

11 

3 

5 

-7 

5 

3 

22-25.9 

3 

-> 

b 

1 

1 

-) 

26-29.9 

1 

2 

1 

30-33.9 

1 

34-37.9 

1 

~> 

58-45.9 

1 

") 

Total  18        3b        20        41         52         1 


APPENDIX  III 


Foliage  and  Branchwood  Proportions 


Table  IS. --Foliaae   and  branchwood  proportions  for  arowns 
of  trees   1   -inch  and  less  in  d..b.h. 


Species 

Foliage 

Branc 

hwo( 

3d 

Croivn 

0 
0 

to 

.25 

'■    0.25 
•  to  1 

Live 

s, 

AF,  C,  GF,  Wll 

0.62 

0 

.26 

0 

.12 

Dominants 

DF, 

WP,  LP,  IVBP 

.52 

.27 

.21 

PP 

.57 

.14 

.29 

L 

.40 

.42 

.18 

Live 

Intermediates 

DF, 

GF 

.55 

.39 

.06 

PP, 

C 

.63 

.20 

.17 

Dead 

Intermed  iates 

DF, 

GF,  PP,  C 

.94 

.06 

52 


able    16.  - -A  jjuriuldtioe  proroi'tions   of  folij^-c   okI  hi'i:nu-hh'''y'  .:  In.   ci::c   "/..■;?,:<-:■. 
iva^yis  of  dorn.}:aKts  oreatc}'  them    1  inch  d.b.h. 


■uiict  tun  ■      !<■      ■  Cdiuli  T  i  mis 


V\    -    !/(1.5i':    +    O.OSJ'Jd)  0.94      If   u      35.0    in,    !M    =    n.:,S(,,    V2    =    ()..3"8,    PS   -    ().4,S,S 

VI    =    l/(]  .  150    -    0.041(Hi)  .'JO 

!'5    -    1.02"    -    0.0150d)  .94      It    d      2.9    m,    P5    =    1.0 

Fl    -    0.34  7    l-;.X!\-0.04  34d)  .93 

r:  =  o.'"45  liXi-M -o.o3h:d )  .93 

P3    -    1.054    PXP(- 0.02 13d)  .91       If  d      2.9    in,    P3    =1.0 

!M    -    0.922    +    0.720/d  .07      If  d   ^11.0    in,    P4    =    1.0 

PI    =    0.5"N   l-;XP(-0.0325d)  .97      If   d       ID.ij    in,    PI    -    0.15.S,    !'2    =    0.27-,    P3    =    0.423 

P2    =    0.852    IXPf-0.02SId)  A)i 

r3   -    1.038    -    0.0154d  .95      If   d  _2 . 9    in,    P3   =1.0 

PI    =    0.59':^    EXP(;-0.0425d)  .74 

?1    =    0.864    EXP f-0. 0373d)  .72 

P3    -    1.022    -    O.OlOSd  .50      If   d      2.9    in,    P3   =    1.0 

PI    =    0.493    -    0.01  1 7d  .76 

P2    =    0.77:"    -    0.0146d  -70 

P3    =    1.049    -    O.OUOd  .55      If   d  __3 . 9    m,    P3    =1.0 

PI    =    0.550   EXPf-0.0345dl  .95 

P2    =    0.914    -    0.0978.'^  .91 

P3    =    1.056   EXP(-0.018Id)  .87      If   d  _3.9    in,    !\3    =    1.0 

PI    =    0.512    EXP(-0.0374d)  .62      If   d      20    in,    PI    =    0.24J,    P2    =    0.268,    P3    =    0.6(.9 

P2    -    0.864    EXP{-0.0585d)  .75 

P3   =    1.077    EXP(-0.0238d)  .53      If  d  ^5.9    in,    P3   =    1.0 

PI    =    0.617    EXP(-0.0235d)  .98 

P2    =    0.756    EXP (-0.024  Id)  .98 

P3   =    1.060   EXP  (>0.  0223d)  .98      1  f  d  _2  .  9    i  n  ,    P3   =1.0 

PI    =    0.558   EXP(-0.0475d)  .89      If   d  ^31    in,    1^2    =    IM    +    0.01 

P2    =    0.625    EXPC-0.0511dl  .89 

P3   =    0.985    EXP(-0.0310d)  .85      If   d   ^1.0    in,    I\3    =1.0 

P4   r-.    1.083    -    0.0131d  .70      If   d  _6 . 5    in,    P4    =    l.d 

PI    =    0.4S4    EXPf-0.0210d)  .95      If   d      36 .  t)    in,    PI    =    0.227,    I'2    =    0.315,    P3    =    0.4(>5 

P2    =    0.729    EXP('-0.0233dl  .95 

P3   =    1.034    -    0.0158d  .95      I  f   d   ;;_2 . 9    in,    !\3    =    1.0 

P4   =    1.022    -    0.00182d  .43      If  d    -14.0    in,    P4    =    1.0 

PI    =    0.54''    EXP{-0.0370d)  .96      If   d      40.0    in,    PI    =    0.125,    ?2    =    0.183,    P3    =    0.361 

P2    =    0.835    EXP(-0.0380d)  .97 

P5    =    1.0781    EXP(-0.0274d)  .94      If   d    -2.9    in,    P3    =    1.0 
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Table  \1 . --Aocumulative  proportions  of  foliage  and  branch>)ood 
by   size  olasses  for  live  orouns  of  intermediates 
areater  than   1  inch  d.b.h. 


Species • 

Function         ' 

r2  : 

Conditions 

C 

PI 
P2 
P3 

= 

0.667  EXP(-0.0608d) 
0.857  EXP(-0. 0653d) 
1.031  EXP(-0.0270d) 

0.93 
.94 

.73 

If 

d 

<'1.0,  P3  =  1. 

,0 

GF 

PI 
P2 
P3 

_ 

0.571  EXP(-0.0544d) 
0.929  EXP(-0.0678d) 
1.016  EXP(-0.0098d) 

.93 
.93 
.59 

If 

d 

-1.0,  P3  =  1 

.0 

DF 

PI 
P2 
P3 

: 

0.514  EXP(-0.0552d) 
0.886  EXP(-0.0610d) 
1.0067  EXPC-0.0131d) 

.74 
.75 
.38 

If 

d 

••I.O,  P3  =  1, 

,0 

PP 

PI 
P2 
P3 

= 

0.650  EXP(-0.154d) 
0.844  EXP(-0.166d) 
1.086  EXP(-0.0835d) 

.79 
.80 

.75 

If 

d 

<1.0,  P3  -  1 

.0 

/.'./^   eyovnc;   i->-^  Ucpi'nantc   and  iiitcrrkLtidt'/ij 


n'>:^!!c!'    l./l-ih 


1    inch  d.b.h. 


"^ ;-'  c  c  1  c  s 


auict  ;  or. 


("iMii!  it  loir 


noruNAXTs 


PI 


DF 

PI 

P2 

s 

PI 

p: 

AF 

PI 

LP 

PI 

WP 


pp 


Wl! 


]  .43-1    P,.\l'(-0.  iSJd) 

] .:(.:  p^xp(-o.(),"47J ) 


O.OS.So    +    (  1  .SS9/M) 
1.5(->7    P,XP(-0.()52:Hr) 

1/(0.S4  7    +    O.OlhSd) 


] . :  1  Oil 


■0.  '".h-^. , 


PI 

P2 

PI 


PI 
n  1 


PI 

P2 


2.79S    P,XP(-0.  ]:c.d) 


]  .0n77d'^"°-'^'*'^ 
1 .020    -    0.004 Odd 

-O.OISS    +     (1 .4b~/d) 
1  .45.S   nXP(-0.0540d) 

1.411/d    -    0.04:vl 
1.0(i2    -    0.0."vS4d 

1.001    l-,XP(-0.20(xl) 
1 .0/(0.277    +    O.OOldd) 


0.7'"         I  t'   d      3.0    in  ,    Pi    =    1.0 
.17         1 f   d      27.0    in,    PI    =    0.01 
I  f   d      S.O    III,    1^2    =     1.0 

81         1 f   d       1 .S    in,    iM    =    1 .0 

3b         1 f   d  ■  0. 0    in  .    P2    =    1.0 

77         If  d  ■ 1 .8    in,    PI    -    1 .0 
34         I f  d       10.0    in,    P2    =    1.0 

(i2         1  f   d  ■  l.S    in.    PI    =    1.0 

OS         If   d  20.0    in,    PI    =    0.  130 

':'':         1  f   d  20.0    in,    1^2    =    0.220 

1 f  d  ■ 0.0    in,    P2    =1.0 
If  d      1.3    in,    PI    =    1.0 


40 

12  If   d  •  7.0  in,  P2    =  1 .0 

8:^  If  d  ■  I  ..3  in,  PI    =  1.0 

Ob  I f   d  8.0  in,  P2    -  1  .  0 


00         I f   d  30.0    in,    PI    =    0.00  I 

09         1  f   d  30.0    i  II,    P2    =    O.Ob 

70         If   d       1.0    in,    PI    =    1.1) 

24         If   d  28.0    in,    PI    -    0.003 

If  d  -12.0    in,    P2    =    1.0 


C 
GF 

DF 

PP 


PI 
PI 


0.561d^-0-''''' 
1.34Od'"J-0^''^ 


INTPRMldHATF-.S 
.00 
.81 


PI  =  0.0790  +  1 .24S/d 


PI 
P2 


0.S13d^"^-f'"''' 
1/0.  379    +    0.  ISOil 


.4b 


4  b 
(-5 


1 f  d  2  1  .  3  ,    PI    =    1.0 

If  d       10.3,    P2    -    0.88,    I\- 

If  il  ^1  -4,    PI     -     1.0 

If  d  d  .4,    P2    =1.0 

If  d  -3.4 ,    P2    ^     1.0 

I  f  d  '3.4  ,    P3    -     1.0 
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Table  \9 . --Ac cumulative  proportions  of  foliage  and  hranchwood  by  size 
class  for  entire   trees   less   than   IS  feet  in  height-' 


Species 


2/ 


Height 
(feet) 


No. 
sample 
trees 


Fol- 
iace 


Branchwood  [inches^ 


0  to  :  0.25 
0.25  :  to  1 


1  to 
3 


j  + 


C,  GF,  S,  AF 


0-  4.9 

5-  9.9 

10-14.9 


DOMINANTS 


17 
26 
11 


0.51 
.40 
.33 


0.72 
.56 
.45 


0.95 

.73 
.63 


1.00 
,99 

.92 


1.00 
1.00 


WP 


0-  4.9 

5-  9.9 

10-14.9 


48 
31 
25 


.69 

47 

.37 


.99 
.65 
.52 


1.00 

1 .  00 

.89 


1  .00 


DF,  PP,  LP,  H 


0-  4.9 
5-  9.9 


16 

23 


.38 
.31 


.56 

.45 


,94 
,68 


1.00 
1.00 


10-14.9 


14 


27 


38 


57 


87 


1.00 


L,  WBP 


0-4.9 

5-  9.9 

10-14.9 


.26 

.49 

.87 

1.00 

.21 

.40 

.66 

1.00 

.15 

.29 

.45 

.89 

1.00 


INTERMEDIATES 


C,  GF 


DF 


PP 


0-    4.9 

10 

.38 

.56 

.96 

1.00 

5-    9.9 

9 

.32 

.47 

.76 

1.00 

10-14.9 

3 

.41 

.55 

.71 

1.00 

0-4.9 

4 

.34 

.59 

1.00 

5-    9.9 

4 

.23 

.40 

.67 

1.00 

10-14.9 

1 

.25 

.42 

.58 

1.00 

0-    4.9 

4 

.24 

.32 

.91 

1.00 

5-    9.9 

5 

.18 

.23 

.51 

1.00 

10-14.9 

2 

.16 

.19 

.43 

.99 

1.00 


—   Coefficients  of  variation  averaged  over  the  foliage  and  branchwood 
categories  of  all  species  groups  were  16,  17,  and  25  percent  for  the  0-  to 
4.9-foot,  5-  to  9.9-foot,  and  10-  to  14.9-foot  height  classes,  respectively. 

u 


Fractions  for  individual  species  are  within  20  percent  of  the  group 


average. 
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RESEARCH  SUMMARY 


Clearcut  areas  regenerated  to  western  hemlock  and  Sitka  spruce  in 
southeast  Alaska  were  surveyed  for  damage  by  Sirococcus   shoot  blight. 
A  disease  index  was  calculated  for  potential  crop  trees.    All  Western 
hemlock  regeneration  was  infected.     Disease  severity  was  greater  in 
suppressed  and  intermediate  than  in  dominant  and  codominant  crown 
classes.     Mortality  and  severe  top-killing  were  restricted  to  suppres- 
sed and  intermediate  crown  classes.     Disease  severity  was  greater  in 
lower  than  in  the  upper  crown  of  potential  crop  trees.     Terminal  leader 
kill  in  potential  crop  trees  was  common.     Direct  measures  of  disease 
control  are  not  recommended. 


INTRODUCTION 


Slioot  blight  of  western  lienilock  [Tsu^ja   lietevoplvjlla    (Rafn.)  Sarg.]  regeneration 
southeast  Alaska  (fig.  1)  was  observed  first  in  1967  on  the  mainland,  12  mi  \'N[-.  of 
tersburg  at  Thomas  Bay  (Baker  and  Laurent  1974).   Funk  (1972)  identified  the  causal 
ent  as  Sirococcus   strobilinus   Preuss.   He  demonstrated  its  pathogenicity  by  inoculat- 
g  young  trees  and  reisolation  from  diseased  tissues.   Since  its  discovery,  the  disease 
Ys   been  closely  monitored  by  Insect  and  Disease  Control  and  Timber  Management  personnel 
c'  the  Alaska  Region  (Baker  and  Curtis  1975;  Baker  and  Laurent  1974;  Baker  and  otliers 
175;  Crosby  and  Curtis  1968,  1970;  Curtis  and  Swanson  1972;  llostetler  and  others  1976). 
Te  disease  is  spreading.   It  is  now  knovviT  to  occur  at  several  locations  in  southeast 
.''llaska  as  far  nortli  as  Juneau.   A  high  intensity  of  infection  continues  to  exist  at 
T'omas  Bay.   In  1972,  Sitka  spruce  [Pioea   sitchensis    (Bong.)  Carr. ]  regeneration  also 

WiS  observed  to  be  affected  by  the  disease  (Baker  and  Curtis  1975)  . 

II 

"       Sivocooous   shoot  blight  of  conifer  seedlings  and  sajilings  is  known  to  occur  in 
mny  areas  of  the  world.   Little  information  is  available  concerning  its  potential  to 
dnage  natural  regeneration  (Graves  1914;  Kujala  195(1;  Lagerberg  1955;  O'Brien  1975; 
Ri3ak  1956).   This  report  presents  quantitative  data  of  damage  caused  by  .".  stvobilhms 
tij  western  hemlock  regeneration  at  Thomas  Bay,  Alaska.   Significance  of  tliis  iLamage  to 
fiture  management  of  these  young  stands  is  discussed. 
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Figure  l.-Map  of  southeastern  Alaska.      Sirococcus  shoot  blight  was  discovered  at 
Thomas  Bay  in  1967,    has  now  spread  north  to  Juneau. 


MATERIALS  AND  METHODS 


Four  cleai'cut  areas,  supporting  natural  regeneration  of  western  hemlock  and  Sitka 
s]n-uce  less  than  20  years  old,  were  sampled.   Areas  were  selected  on  the  basis  of 
comparable  age,  stand  origin,  macrocl  imate ,  and  documented  occurrence  of  H.    ctyx>hilinu.' 
]lcarcuts  were  from  0.2  to  0.5  mi  apart  and  all  on  recent  glacial  outwash.   One  of  tiie 
four  areas  had  been  thinned;  the  otiicr  three  were  untliinned. 

The  three  unthinned  areas  had  been  clearcut  in  1959-1962,  so  the  oldest  rci'.ciiera- 
:ion  was  16  years.   One  of  these  areas  liad  received  464  kg  Agricultural  Grade  urea/ 
lectare  in  May  1969;  the  two  remaining  areas  were  untreated.   A  line  of  4  plots,  100  m 
ipart  and  4  m"^  area,  was  established  in  each  of  the  three  areas.   Total  nuiiil-icr  of  (1) 
rees,  (2]  infected  trees,  (3)  dead  trees,  and  (4)  potential  cro]i  trees  (dominants  or 
;odominants)  were  recorded  for  each  plot. 

Five  potential  crop  trees  were  selected  from  each  plot  for  second-order  sani]il  ing.. 
'hese  trees  were  cut  at  ground  line  and  removed  from  the  plot.   Total  height,  total 
umber  of  branches,  and  year  of  dead  terminal  leader  (6  years  accumulation)  were 
lecorded  for  eacli  tree.   Six  primary  branches  ("two  lower,  two  middle,  and  two  uppei- 
jrown)  were  removed  from  eacli  tree  and  used  for  third-order  sampling.   Total  lenj',th  of 
rimary,  secondary,  tertiary,  etc.,  branching  and  total  length  of  branching  with 
ymptoms  of  Siroooccus    infection  were  recorded  for  each  primary  brancli  sampled.   Tlie 
atio  of  infected  branch  lengtli :  total  brancli  length  for  the  tree  was  calculated  cHuI 
sed  as  a  disease  index.   An  analysis  of  variance  was  conducted  for  the  iiisc;ise  index 
ata  from  the  three  unthinned  areas,  using  tlie  following  model  for  an  unbalanced 
IJesign  (Snedecor  1959)  : 


1  =  IJ  +  Y^.  +  u 
ere 

Y  =   dependent  variable 
p  =  mean 


Y  .  =  treatment 

a...,  =  plot  nested  in  treatment 


.   -t-   Lt  .  ,  .-^   -t-   /-  .  ., 


^  .  .,  =  error 

The  fourth  area  sampled  was  a  0.4  ha  plot  that  was  mech;iii  ica  1  1>-  thinned  in  19"5  io 
a!2.4  y    2.4  m  spacing.   Maximum  age  of  the  regeneration  was  20  ycai-s.   Twelve  western 
h|mlock  trees,  comparable  in  size,  were  selectetl  from  the  j^lot  and  sain]^led  in  the  same 
iTinner  as  those  from  the  previous  three  areas.   The  disease  iiule/  data  were  not  include 
i;  the  analysis  of  variance  because  the  severely  infected  western  hemlock  was  removed, 
dring  the  recent  thinning  and  Sitka  spruce  was  favoreil  in  selection  of  crop  trc'  s. 


RESULTS 


Unthinned  areas. --The   three  areas  examined  were  overstocked  (table  1).  More  thai.) 
90  percent  of  the  conifer  regeneration  was  western  hemlock.   The  remaining  conifer 
regeneration  was  Sitka  spruce.   Considerable  amounts  of  broad-leaf  shrubs  also  occupiil 
the  sites. 

All  the  western  hemlock  regeneration  was  infected  by  S.    strobil-inus    (fig.  2). 
Infection  was  most  severe  on  regeneration  in  the  suppressed  and  intermediate  crown 
classes.   Some  of  this  regeneration  showed  severe  top-killing  (table  1)  and  a  bushy, 
broomlike  growth  form  with  no  definitive  terminal  leader  (fig.  3) .   It  is  likely  that 
earlier  in  the  life  of  the  stand,  many  of  these  individuals  were  dominants  and  codomi 
nants;  the  disease  cost  them  their  dominant  position.   All  mortality  attributed  to  th 
disease  (table  1)  was  in  the  suppressed  and  intermediate  croivn  classes. 

Recent  (1975  and  1976)  leader  kill  in  potential  crop  trees  (fig.  4)  was  common. 
The  accumulative  leader  kill  over  a  6-year  period  was  high  (table  2).   No  mortality 
or  severe  top-kill  (fig.  3)  was  recorded  for  potential  crop  trees.   Disease  was  more 
severe  in  the  lower  crowns  and  least  in  the  upper  crouTis  in  all  trees  examined. 

Analysis  of  variance  showed  a  significant  difference  (P=0.05)  in  disease  index 
between  areas  and  plots.   We  believe  these  differences  are  related  to  local  environ- 
mental factors  not  measured  during  the  study  (Wall  and  Magasi  1976). 

No  infection  of  Sitka  spruce  was  recorded  on  the  plots  examined.   However,  while 
moving  from  plot  to  plot,  an  occasional  infected  Sitka  spruce  (fig.  5)  was  observed. 


Table  I . -Stocking,    infection,    and  mortality  data/hectare  for  western  hemlock  and 

Sitka  spruce  regeneration,    Thomas  Bay,   Alaska 


Area 

:             Total             : 
:             trees^ 

Crop 
trees-^ 

:         Infected 
:          trees-^ 

. 

Dead 
trees^ 

:      Top 

-kill: 
trees 

/I/O. 

Percent 

-   -   -   - 

-   -   - 

-  -  - 

1 

59,500 

23.1 

93.7 

10.5 

13.4 

2 

86,250 

18.8 

91.9 

12.2 

34.8 

3^+ 

55,000 

32,7 

90.9 

21.4 

20.5 

45 

1,663 

100.0 

100.0 

Includes  Sitka  spruce. 


^Represents  100  percent  of  western  hemlock. 

All  were  in  the  intermediate  and  suppressed  crown  classes. 
'^Fertilized  May  1969;  464  kg  Agricultural  Grade  urea/hectare. 
^Area  thinned  in  1975  to  2.4  x  2.4  m  spacing. 
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guve   2. --Young   shoots  of  western   hemlock   kill,,',!  ///   Sirtx-occus    st  i-ob  i  I  i  ini> 
2.  --Severe   shoot   blight  ,iamage   of  suj'pr'osse/j  p'-'^gmo!'': '  I ■  ^-i.       •. --      /'■■  '■  •; 
by   Sirococcus    strobilinus.      />. --   Sh(>,''t.    bliiihf    .Jain.i'U    ^  •"  .'■'•■•./   .•.•>'--.  . 


Table   2. --Mean  jrouth  and  shoot-blight   uifection  thta  fov  potential   cpof   tpeea    i.r 
westeim  hemlock  regeneration,    Thomas  Bay,    Alaska 


Total 

Dead 

Disease 

Term  ina  1 

Area 

Height 

branching 

branch  in 

y 

index ' 

ki 1  led- 

-  -  Metei's   -   - 

t'f'roent 

1 

2  .  96 

398.  1 

36.  2 

0.  091 

a 

(>3 .  2 

-) 

2.64 

224.6 

31.7 

.141 

b 

8  0.0 

3^ 

2.81 

326.0 

61.0 

.187 

c 

75.0 

4"+ 

4.16 

680.  0 

54.9 

.081 

■4  2 .  0 

^Means    followed   by   a  different    letter   are    significantly  different    (p=0.05; 
luncan  Multiple   Range  Test).      Area   No.    4    not    included    in   analyses. 
-^Accumulative   for    1971-1976. 
'Fertilized   Ma\'    1969;    464    kg   Agricultural    Grade  urea/hectare. 
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rhinned    in    1975   to   2.4 


2.4  m  siKicmg. 


Thimied   ai^ea. --Thinning  was  accomplished  only  15  months  prior  to  the  disease  sur- 
vy.   Tlierefore,  comparisons  between  the  thinned  and  unthinned  areas  must  l)e  conditioned 
ne  average  potential  crop  tree  was  larger  on  the  thinned  area  tlian  on  tlie  unthinned 
reas  (table  2)  because  it  was  4  years  older  and  largest  trees  were  selected  as  crop 
t'ees.   Disease  index  and  percentage  terminal  kill  were  lower  than  on  the  unthinned 
ceas  (table  2)  because  severely  infected  trees  were  removed  during  the  thinning. 
Tese  data  indicate  good  quality  control  in  the  selection  of  crop  trees  during  the 
tinning  operation.   The  ratio  of  Sitka  spruce  to  western  hemlock  is  liigher  in  the 
tinned  than  in  the  unthinned  areas.   This  was  intended  since  Sitka  spruce  was  favored 
i  leave  tree  selection. 


Fevt%lized  vs.    nonfevtilized   areas. --The  fertilized  area  had  the  lowest  overall 
socking  of  the  unthinned  areas  (table  IJ.   However,  the  number  of  ]-iotential  croji  trees 
ws  much  higher  than  on  the  nonfertilized  areas.   Percentage  dead  trees  in  tlie  sup- 
pessed  and  intermediate  crown  classes  was  twice  that  of  the  nonfertilized  areas. 
Prcentage  top-kill  trees  in  these  crown  classes  was  intermediate  between  the  two  non- 
fjijrtilized  areas.   Disease  index  for  ])otential  crop  trees  on  the  fertilized  area  was 
highest  of  all  areas  examined  (table  2). 


DISCUSSION 


Western  hemlock  is  a  climax  species.  It  is  very  tolerant  of  shade  and  well  ad 
to  growth  as  a  crowded,  suppressed  understory  in  areas  of  high  precipitation,  Deve 
ment  of  S-ivoooccus  shoot  blight  is  favored  by  conditions  of  high  atmospheric  moistu 
mild  temperatures,  and  low  light  intensities  (Funk  1972;  Peterson  and  Smith  1975;  Si 
1973) .  Spores  of  the  causal  fungus  are  disseminated  by  splashing  of  water  drops 
(Peterson  and  Smith  1975) .  The  spores  infect  only  juvenile  needles  and  the  disease 
kills  new  shoots  (Peterson  and  Smith  1975) .  Such  environmental  requirements  expla 
why  disease  severity  is  greater  in  regeneration  of  suppressed  and  intermediate  crow: 
classes  than  in  potential  crop  trees.  Environments  of  overstocked  western  hemlock 
forest  ecosystems  in  southeast  Alaska  are  ideal  for  optimum  development  of  the  susc 
and  the  disease. 

The  highest  disease  index  was  0.187  for  the  fertilized  area.  This  means  that 
18.7  percent  of  the  branching  has  been  killed  by  the  disease.  Unfortunately,  there 
no  opportunity  during  this  investigation  to  sample  a  comparable  area  of  western  hem 
regeneration  that  was  disease-free.  Neither  can  we  find  jiiublished  data  adequate  fo 
quantitative  comparisons.  Therefore,  we  cannot  express  the  disease  index  in  quanti 
tive  terms  of  growth  reduction. 

SiroQOCcus   shoot  blight  reduces  tree  growth  because  it  reduces  photos)Tithet ic 
sue  and  causes  a  net  loss  in  carbohydrates.   Food  for  tree  growth  is  produced  by  ac 
photosynthesis  or  may  come  from  stored  reserves.   Young  conifer  needles  are  more  ef 
cient  in  photosynthesis  than  are  older  ones.   Likewise,  branches  in  the  upper  crown 
exposed  to  full  sunlight  are  more  efficient  than  those  in  the  lower  crown.   Branche 
in  the  partially  shaded  lower  crown  may  not  produce  enough  food  to  maintain  their  , 
growth.   In  some  conifers,  little  or  no  additional  food  is  translocated  to  these 
branches  and  they  die.   This  process,  called  natural  pruning,  is  very  common  in  sha( 
intolerant  species.   In  other  conifers,  food  manufactured  in  other  parts  of  the  croi 
is  translocated  to  branches  inefficient  in  photosynthesis,  and  they  remain  alive.   ! 
branches  are  parasitic  on  the  tree  and  natural  pruning  is  minimal.   Therefore,  comp; 
sons  of  the  effects  of  foliage  removal  by  artificial  or  natural  pruning  from  below  \ 
equal  amounts  of  defoliation  by  a  foliage  disease  are  not  valid.  Sirococcus   shoot 
blight  is  selective.   I  i:  kills  those  tissues  most  efficient  in  photosynthesis;  youn] 
needles. 

When  photosynthetic  tissue  and  carbohydrate  losses  are  so  great  that  active  ph( 
synthesis  cannot  supply  the  food  necessary  for  growth,  then  it  must  come  from  storec 
reserves.  When  this  condition  persists  for  a  time  sufficient  to  deplete  these  rese: 
tree  death  is  eminent.  Levels  of  mortality  and  severe  top-killing  (table  1)  of  reg( 
eration  in  suppressed  and  intermediate  crown  classes  signify  that  the  above  conditi< 
prevails  in  these  crown  classes. 


In  vie\sf  of  current  stocking  levels,  we  consider  the  above  condition  as  beneficial 
to  management  of  the  areas  for  timber  production.   Trees  in  suppressed  and  intermediate 
crown  classes  represent  surplus  stocking  (table  1)    Their  presence  provides  undesiral^le 
competition  for  potential  crop  trees.   The  disease  is  effecting  a  natural  thinning  in 
jthese  crown  classes.   This  will  reduce  competition  and  enhance  growth  and  dominance  of 
[potential  crop  trees.   Unfortunately,  the  rate  of  natural  thinning  is  inailccpiate  for 
optimal  growth  release. 

The  disease  situation  in  potential  crop  trees  is  very  different  from  that  recorded 
for  suppressed  and  intermediate  crown  classes.   No  mortality  or  severe  top-killing  was 
recorded.   Disease  damage  was  much  greater  in  shaded,  lower  portions  of"  crowns  tliaii  in 
.ipper  crowns.   Although  periodic  terminal  leader  kill  has  reduced  total  height,  it  has 
lot  caused  any  major  stem  deformity.   Such  damage  can  be  detected  only  by  closeup, 
detailed  examination  of  upper  stems.   Leader  kill  occurring  more  tha)i  6  years  ago  is 
10  longer  discernible.   Normal  growth  form  has  not  been  altered. 

The  greatest  differences  between  the  fertilized  and  nonfert il ized  areas  were  in 
nortality  and  percentage  of  potential  crop  trees.   The  slight  reduction  in  stocking 

evel  of  the  fertilized  area  can  be  explained  by  a  higher  mortality  level  (table  1). 
)ur  sampling  was  not  adequate  to  estimate  the  total  variation  in  disease  severitv  within 
md  between  the  unthinned  areas.   We  believe  the  higher  percentage  of  jiotential  crop 

rees  in  the  fertilized  area  is  a  direct  result  of  the  fertilizer  treatment.   The  addi- 

ional  nutrients  enhanced  growth  of  the  seedlings  and  permitted  a  greater  number  to 
'xpress  dominance  earlier.   The  high  density  of  dominants  and  codominants  created 
"nvironmental  conditions,  within  these  crown  classes,  more  favorable  for  infection  and 

isease  development.   The  result  was  a  higher  disease  index  for  potential  crop  trees 

n  the  fertilized  area. 


CONCLUSIONS  AND  RECOMMENDATIONS 

'•    We  conclude  that  the  current  level  of  SiroooQOus   blight  in  potential  crop  trees  in 
^putheast  Alaska  is  no  cause  for  alarm.   This  conclusion  is  based  on  our  data  and  know- 
edge  of  the  suscept  and  the  disease.   We  believe  the  disease  to  be  native  to  the  area, 
nfections  were  found  in  western  hemlock  more  than  300  years  old.   The  disease  is  not 
Ssstricted  to  young  regeneration,  but  it  is  more  noticeable  in  this  material.  -No 
'  |irect  disease  control  measures  are  recommended  at  this  time  (Smith  and  others  lO-^). 
)nitoring  of  the  disease  in  southeast  Alaska  should  continue. 

Sirococcus  stvobilinus   is  reducing  height  growth  of  western  hemlock  by  killing  the 
rminal  leaders.   However,  competition  is  the  major  cause  of  growth  reduction  in  areas 
liirveyed  at  Thomas  Bay.   The  regeneration  is  over  15  years  old  and  dominance  has  been 
pressed.   We  recommend  that  Timber  Management  personnel  thin  these  stands  to  stocking 
vels  established  for  the  Alaska  Region.   This  will  not  only  enhance  growth  of  selected 
op  trees,  but  will  create  environments  less  favorable  for  development  of  ntrococnus 
'foot  blight.   The  mixture  of  western  hemlock  and  Sitka  spruce  should  be  maintained  in 
reasonable  facsimile  of  their  natural  ratio. 


The  unthinned  areas  illustrate  some  adverse  effects  of  overstocking.   We  concl 
that  the  fertilizer  treatment  prior  to  thinning  has  compounded  these  adverse  effect 
We  recommend  that  future  applications  of  fertilizer  be  made  after,  not  prior  to,  th 
ning.   This  will  ensure  that  increased  growth  will  be  concentrated  on  those  stems 
selected  for  future  crop  trees. 

Establishment  of  nurseries  in  southeast  Alaska  for  production  of  western  hemlo 
planting  stock  would  be  a  high  risk  adventure.  Siroaooaus  stvobilinus  is  capable  o 
causing  severe  losses  in  nurseries  because  the  environment  usually  favors  developme 
of  disease.  If  western  hemlock  planting  stock  is  needed,  we  would  recommend  produc 
by  containerized  methods  in  greenhouses.  A  subirrigating  system,  a  forced-air  vent 
tion  system,  and  a  supplemental  lighting  system  would  be  required  to  maintain  a 
relatively  blight-free  environment. 
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RESEARCH  SUMMARY 

Seven  grass  species — desert  wheatgrass  (Agropyron  desertorum), 
streambank  wheatgrass  (Agropyron  riparium),   cheatgrass  (Bromus  tectorum), 
basin  wildrye  (Elymus  cincreus),   Sandberg's  bluegrass  (Poa  sandbergii), 
bottlebrush  squirreltail   (Sitanion  hystrix),  and  needle-and-thread  grass 
(Stipa  comata) — were  harvested  to  a  1/2-inch  (1.2-cm)  stubble  height 
periodically  between  mid-March  and  December  in  most  years  from  1962 
through  1968  at  the  Saylor  Creek  Experimental  Range  in  southern  Idaho. 
These  samples  were  analyzed  for  N,   P,   S,   Ca,   Mg,   K,   Na,   Zn,   Mn,   Cu, 
and  Fe.     Certain  digestibility  fractions  (NDF,  NDF-ash,   DCW,  DCW-ash 
free,  and  TDDM)  were  also  determined  on  these  samples.    In  addition, 
estimates  of  the  soil  chemical  status,  soil  moisture  contents  over  depth 
and  time,  forage  yields,  and  moisture  contents    over  time,  effects  of 
ammonium  nitrate  fertilization  on  forage  yields  and  mineral  composition, 
and  animal  grazing  responses  to  cheatgrass  range  are  included. 

Trends  in  mineral  concentration;  mineral  ratios  Ca:P,K:(Ca  +  Mg), 
N:S,   Zn:Ca,   and  Zn:Cu;  and  digestibility  fractions  were  plotted  over  time 
in  a  series  of  graphs.     Wlien  a  significant  r    value  was  determined  for  a 
given  parameter  and  plant  species  through  regression  analysis,  the 
equation  and  line  describing  the  trend  are  given. 

There  was  a  distinct  exponential  decrease  in  plant  tissue  mineral 
concentration  for  each  nutrient  studied,  except  for  Na,  Mn,  and  Fe,  which 
did  not  exhibit  any  trends  in  any  species.     In  cheatgrass,  Ca  and  Mg 
declined  with  plant  maturity,  but  in  the  other  species  no  trends  could  be 
detected.     The  Ca:P  ratio  increased  exponentially,  while  the  equivalents 
of  K:(Ca  +  Mg)  and  N:S  ratios  decreased  as  plants   matured.     Ratios  of 
Zn:Ca  and  Zn:Cu  were  unrelated  to  plant  maturity.     Total  fiber  (NDF) 
increased  and  tended  to  level  as  the  forage  matured.    Digestibility,  including 
cell  wall  digestibility  (DCW),  organic  cell  wall  digestibility  (DCW-ash  free), 
and  total  dry  niatter  digestibility  (TDDM)  decreased  as  plants  matured. 
There  were  differences  in  the  levels  of  these  components  between  species, 
but  the  trends  were  as  expected. 

Organic  N,   K,   Mn,   and  Fe  concentrations  were  greater  near  the 
soil  surface  and  decreased  with  depth  in  the  soil.    Although  the  organic  N 
levels  appeared  adequate  for  these  soils,  results  from  a  fertilization  trial 
with  N  indicated  that  available  N  was  limiting  plant  growth  at  least  for  the 
soil  moisture  conditions  during  the  study  period.    Nitrogen  levels  in  the 
seven  species  were  inadequate  after  late  June,  and  consideration  should 
be  given  to  crude  protein  supplementation  of  grazing  animals. 

Fertilization  was  shown  to  increase  forage  yields  and  N  levels,  but 
costs  of  fertilizing  to  increase  crude  protein  concentration  may  be  prohibitive 
compared  to  direct  animal  supplementation. 

In  spite  of  apparently  adequate  levels  of  K  in  the  soil,  plant  K 
decreased  rapidly  with  time  and  soon  reached  levels  below  those  considered 
necessary  for  good  nutrition  in  cattle.   Manganese  levels  were  adequate  for 
animal  nutrition  through  the  season  and  showed  no  relationship  to  plant 
maturity.    Iron  levels  were  generally  much  higher  than  normally  found  in 
plant  tissue.     Measured  Fe  levels  varied  widely,  probably  because  of  soil 
contamination. 


By  the  end  of  June,  the  level  of  plant  I^  was  below  reeoniniendeil  allow- 
ances foi'  cattle.     Plant  Zn  levels  were  adequate  for  a  brief  periled  in  Ihe 
spring,  and  then  declined  to  a  level  where  supplementation  has  bei'n  shown 
to  be  beneficial  for  weight  gains.     Copper  showed  declining  trends  in  five 
of  seven  plant  species,  but  never  declined  below  levels  considered  adequate. 

Sulfur,  as  the  sulfate  ion,   is  readily  leached  in  soils.     We  found  that 
S  was  accumulating  deep  in  the  soil  profile  below  the  normal  depth  of  plant 
roots.     Levels  of  S  in  the  plants  declined  rapidly  between  April  and  June. 
The  N:S  ratio  also  declined  as  plants  matured  and  could  reduce  the  protein 
conversion  efficiency.     However,  cheatgrass,  which  comprises  the  bulk  of 
the  forage,   maintained  an  N:S  ratio  considered  adequate,  but  the  low  forage 
S  in  itself  could  be  a  problem. 

Calcium  and  Mg  are  very  abundant  in  Saylor  Creek  soils,  and  the  levels 
found  in  plant  tissues  were  considered  adequate  for  cattle.     Other  factors, 
not  considered  here,   may  reduce  Mg  availability  to  ruminants  particularly 
in  the  early  spring,  causing  Mg  deficiency.     The  amount  of  K  in  relation  to 
Ca  and  Mg  has  been  implicated  in  grass  tetany  problems.     Basin  wildrye  and 
desert  wheatgrass  had  equivalents  of  K:(Ca  +  Mg)  ratios  above  2.2  for  portions 
of  the  spring  period.     On  cheatgrass  range,  grass  tetany  is  not  likely  to  be  a 
problem  except  where  desert  wheatgrass    seedings  are  used  in  a  management 
program.     The  Ca:P  ratio  increased  as  plants  matured,   and  all  species  except 
desert  wheatgrass  and  cheatgrass  exceeded  the  recommended  7:1  level  by  late 
October. 

Sodium  was  found  in  relatively  large  amounts  in  the  soil  below  the 
normal  rooting  depth  of  our  species.    Plant  tissue  Na  concentrations  were 
variable  with  time,  but  were  less  than  those  considered  adequate  for  cattle; 
however,  normal  management  includes  the  provision  of  NaCl  salt  lilocks. 

No  trends  were  found  for  the  Zn:Ca  and  Zn:Cu  ratios  with  plant  maturity. 

As  indicated  by  TUDM  measurements,   most  species  were  less  tiian  (io 
percent  digestible  by  September.     Apparent  dry  matter  digestibility  or  T13N 
was  about  13  units  lower.     Comparative  work  with  esophageal  fistulated 
yearling  cattle  and  lignin  and  chromic  oxide  techniques  gave  dry  matter 
digestibilities  of  (35  percent  in  early  September.     These  differences  inay 
reflect  selective  feeding  on  the  part  of  the  animals. 

On  cheatgrass  range,  fertilization  with  N  increased  yields  and  N 
contents,  but  had  little  effect  on  plant  uptake  of  other    minerals.     Similar 
results  were  found  on  fertilized  needle-and-thread  grass  range,  but  the 
increased  yields  were  not  economical.     These  results  imply  that  fertilization 
on  these  two  range  types,  under  semiarid  conditions,  is  not  practical  antl 
that  direct  animal  supplementation  of  needed  nutrients  could  be  |)racticed 
instead. 

Cheatgrass  range  provided  considerable  forage  that  is  nutritious  in 
spring  and  early  summer.     Yearling  cattle  response  to  cheatgrass  range- 
under  a  variety  of  treatments  has  shown  that  this  class  of  animals  can  make 
satisfactory  weight  gains  without  supplementation.     However,   it  lias  been 
shown  that  these  animals  will  perform  somewhat  better  wher  protein  and 
energy  are  added  to  their  diets.     Calves,   in  particular,  are  like!\  to  Ijenefit 
from  Zn  supplements,  especially   late  in  the  season. 


INTRODUCTION 


Cheatgrass  {Bromus   teatorwri)^   range  occurs  widely  in  the  Intermountain  and  Colum- 
ia  basins  and  supports  large  numbers  of  livestock.   This  fall-germinating  annual  was 
atroduced  into  North  America  from  Europe  about  1850  and  spread  rapidly  across  western 
mgelands  until  today  it  covers  an  estimated  60  million  acres  in  the  11  western  States 
■lull  1965).   In  southern  Idaho,  cheatgrass  is  dominate  on  an  estimated  6  to  7  million 
;res  and  is  an  important  species  on  another  20  million  acres. 

Hull  and  Pechanec  (1947 J  considered  cheatgrass  the  most  important  forage  plant  in 
juthern  Idaho,  and  the  associated  species  seasonally  or  periodically  important.   Gras- 
ps on  these  semiarid  ranges  are  nutritious  in  the  spring  but  mature  rapidly,  resulting 
1  a  forage  quality  decline.   Murray  and  Klemmedson  (1968)  found  that  yearling  cattle 
ains  were  greatest  in  tlie  late  spring  when  nutrient  levels  were  still  adequate  and 
brage  was  abundant.   Gains  declined  throughout  the  summer  and  fall  as  the  forage  cured 
id  deteriorated. 

\        Livestock  performance  is  partially  dependent  upon  adequate  levels  and  favorable 
alances  of  nutrients  in  the  forage  consumed.   Forage  should  contain  at  least  the 
inimum  balanced  nutritional  levels  for  maintenance  and  greater  amounts  for  growth  and 
iin.   Since  grass  nutrient  levels  vary  from  one  stage  of  development  to  another  (Cramp- 
on and  Jackson  1944;  Cook  and  Harris  1950;  Phillips  and  others  1954),  the  nutrient 
itake  may  be  inadequate  during  part  of  the  grazing  season.   An  understanding  of  nutri- 
it  changes  in  range  plants  throughout  the  grazing  season  will  give  stockmen  and  man- 
:?ers  information  needed  to  develop  supplementation  programs,  or  to  change  management 
'Stems  to  enhance  livestock  performance. 

il   The  need  to  improve  livestock  performance  on  cheatgrass  ranges  prompted  the 
'^search  reported  here.   Our  objectives  were:  (1)  to  determine  the  trends  (over  the 
oril  to  November  grazing  season) ,  and  some  of  the  causes  of  these  trends  in  nutrient 
'pntents  and  digestibility  fractions  for  seven  grass  species:  desert  wheatgrass 
Igropyron  desevtovim)  ,    streambank  wheatgrass  (Agropyron   vipaviim) ,    cheatgrass  {Br'omus 
^ctorum)  ,   basin  wildrye  {Elyrrrus  oinereus)  ,    Sandberg's  bluegrass  [Poa  sandbergii)  , 
^ttlebrush  squirreltail  [Sitanion  hystrix) ,   and  needle-and-thread  grass  {Stipa  aomata); 
id  (2)  to  develop  equations  which  describe  these  trends  and  make  it  possible  to  pre- 
|,i-Ct  dates  of  probable  mineral  deficiencies. 


I    ^A  list  of  species  with  complete  scientific  and  common  names  is  given  in  appendix  1 
bmenclature  follows  Hitchcock  and  Cronquist  (1975). 
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EXPERIMENTAL  AREA 


The  Saylor  Creek  Experimental  Range  was  formerly  a  joint  facility  of  the  Bureau 
Land  Management,  U.S.  Department  of  Interior,  and  the  Intermountain  Forest  and  Range 
Experiment  Station,  Forest  Service,  U.S.  Department  of  Agriculture.   All  plant,  soil, 
and  animal  weight  gain  data  were  collected  at  the  Saylor  Creek  Experimental  Range  9 
miles  (15  km)  southwest  of  Glenns  Ferry,  Idaho.   The  experimental  area  occupies  apprc 
imately  4,400  acres  (1,780  ha)  of  rangeland  at  an  elevation  of  5,140  feet  (957  m) . 
Air  temperature  and  precipitation  data  were  obtained  from  the  climatological  station 
at  Glenns  Ferry  at  2,600  feet  (800  m)  elevation. 

The  climate  at  the  Saylor  Creek  Experimental  Range  is  semiarid.  Annual  precipi- 
tation varies  from  about  5  inches  (125  mm)  to  slightly  under  19  inches  (480  mm),  base 
on  long-term  records  from  Glenns  Ferry.  Average  monthly  precipitation  for  1961  throi 
1974  is  shown  in  figure  1.  Precipitation  in  6  of  these  14  years  exceeded  the  40-yeai 
long-term  average  of  9.6  inches  (240  mm). 
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Figure  1 .  — Averc 
monthly  precis 
tion  and  the  r 
between  averag 
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temperatures  J 
Glenns  Ferry, 
(1961   through 


Low  winter  temperatures  may  reach  -25°  F  (-32"  C)  and  hi  eh  siiiniiier  temperature's 
•equentlv  exceed  100°  1-  [59°  (;)  .  Average  monthly  maximum-minimum  temperatures  for 
161  through  1974  are  depicted  in  figure  1. 

Remnants  of  the  original  vegetation  still  present  on  some  of  tlie  Saylor  (Ireek 
perimental  Range  indicate  that  the  former  vegetation  for  the  area  was  a  basin  big 
gebrush-needlegrass  [Artemisia   tridentata   ssp.  tiHdentata-Stipa   thupberiann)    type, 
tural  invasion  of  cheatgrass,  fire,  and  subsequent  heavy  grazing  of  native  species 
b  cattle  [primarily)  and  sheep  have  each  played  a  role  in  altering  this  tyjK'  dras- 
tically, leaving  a  range  dominated  by  cheatgrass-bluegrass  with  varying  amounts 
(epending  upon  locality!  of  bottlebrush  squirreltail ,  strcambank  wheatgrass,  basin 
.sidrye,  needle-and-thread  grass,  Russian  thistle,  tansy  mustard,  and  other  arnnial 
3,d  perennial  grasses  and  forbs.   Firie  lias  had  a  major  impact  on  the  vegetational 
secession  observed  on  these  ranges. 

The  experimental  range  has  several  acres  of  remnant  sagebrush-grass  range,  which 
in  fair  condition.   Approximately  100  acres  [40  ha)  have  luirned  and  are  now  dominated 
needle-and-thread  grass.   Interspersed  in  the  cheatgrass  and  needle-and-thread  grass 
nge  are  clones  of  other  species,  including  patches  of  streamliank  wheatgrass  in  tlie 
allow  swales,  varying  in  size  from  a  few  plants  to  0.05  acre  [0.02  ha). 


Percent  composition  of  annual  species  vegetation  at  Saylor  Creek  varies  consider- 
ly  from  year  to  year,  and  within  years,  depending  on  season,  grazing  intensity,  and 
tilling  and  amount  of  precipitation.   Percent  frequency  was  used  to  measure  the  change 
i|  species  in  two  nongrazed  cheatgrass  community  ]iastures  in  1969  and  1975  (table  1). 
Cpatgrass  increased,  while  the  forbs,  Russian  tliistle  and  tansy  mustard,  declined 
sarply,  although  the  presence  and  frequency  of  tlie  latter  two  are  highly  seasonal. 

j   Cover,  frequency,  and  standing  crop  for  the  needlc-and-tliread  grass  communit)' 
ai  the  adjacent  sagebrush  community  were  estimated  in  1975.   These  values  are  given 
r'table  2  for  comparison  with  tlie  cheatgrass  type  [table  1). 

Table  I. --Percent  frequefzoij  of  plant  species  found  in  the  cheat'jrass 

communitu  at  the  Saylor  Creek  Experimental   Range  during  1969 
and  1973'i- 


1969   :    1975 


GRASSES: 

Streambank  wheatgrass 
Cheatgrass 

Sandberg's  bluegrass 
Bottlebrush  squirreltail 

FORBS: 

Sego  lily 
Tansy  mustard 
Prickly  lettuce 
MacDougal  lomatium 
Long  leaf  phlox 
Russian  thistle 


18.8 

24.6 

95 .  0 

100.0 

42.8 

40.  (1 

-} 

.0 

59.5 

11.4 

.0 

l.C 

") 

.  0 

1.0 

1.2 

96.2 

.  0 

^Based  on  200  permanent  plots  [158  in",  890  cm")  in  each  of  two 
nongrazed  pastures. 


Table  2. --Cover,   frequency,   and  standing  crop  by  species  in  needle-and-tlrread  grass  one 
in  the  sagebrush  oorrmunities ,   Baylor  Creek  Experimental  Range,    1973. 


Grassland  Community 


:         :  Standing 
Cover  : Frequency:    crop 


Sagebrush  Community 


:         :  Standing 
Cover  : Frequency:    crop 


Percent     Percent 


SHRUBS: 


kg/'na 


Percent     Percent 


kg/ha 


Basin  big  sagebrush 
Leaves 
Flowers 
Flower  stalks 
twigs  <1  cm 
Twigs  >1  cm 
Deadwood  on  plants 
Litter 


157 

8 

10 

248 

2,304 

270 

1517 


128.4 


22,997 


FORBS: 


GRASSES: 

Cheatgrass 
Indian  ricegrass 
Sandberg's  bluegrass 
Bottlebrush  squirreltail 
Needle-and-thread  grass 
Thurber's  needle  grass 


57.0 

100 

530 

51.7 

100 

422 

3  + 

+ 

+ 

17.8 

72 

144 

6.8 

49 

47 

3.2 

15 

181 

1.2 

8 

12 

15.6 

53 

270 

10.0 

43 

255 

.2 

1 

6 

1.7 

6 

64 

1,131 

802 

Low  pussytoes 

.5 

20 

11 

Beckwith's  milk  vetch 

4.9 

11 

1 

Specklepod  locoweed 

+ 

+ 

+ 

1.5 

3 

16 

Pursh  locoweed 

.5 

2 

+ 

+ 

+ 

+ 

Sego  lily 

+ 

+ 

+ 

+ 

+ 

+ 

Northwestern  paintbrush 

+ 

+ 

+ 

Tapertip  hawksbeard 

.5 

2 

10 

.5 

2 

24 

Western  hawksbeard 

+ 

+ 

+ 

Low  fleabane 

+ 

+ 

+ 

Oval -leaved  buckwheat 

+ 

+ 

+ 

+ 

+ 

+ 

MacDougal  lomatium 

1.2 

18 

4 

Nineleaf  lomatium 

+ 

+ 

+ 

Hood's  phlox 

+ 

+ 

+ 

+ 

+ 

+ 

Longleaf  phlox 

1.0 

10 

12 

4.2 

44 

54 

22 

110 

TOTAL  STANDING  CROP 

1,153 

3,915 

Line  interception 
^Does  not  include  litter  weight 
^Present  in  macroplot 


Table  3. 

--Actual  and  predicted  range  forage  production    (95  percent  oheatgrasa ) . 
Yield  data  at  Saylor  Creek  Experimental  Range  were   taken  about  June    ii- 
each  year.      Prediction  equation  based  on  the   l.'id   through  10G8  data. 

Ycarl 

:      Actual  yield  ±  Sx         ;           Predicted  yicld'- 

Lh/ocre                      kg/ha                                           kg/ha 

.  '■ .  3 
1964 
11965 
19  56 
1967 
1968 


239  ± 

30 

268 

+ 

34 

505  ± 

51 

566 

+ 

35 

654  ± 

49 

734 

+ 

55 

44  3  ± 

65 

497 

+ 

73 

491  ± 

87 

550 

+ 

98 

598  ± 

110 

670 

+ 

123 

204  ± 

30 

229 

+ 

34 

103  ± 

15 

115 

+ 

17 

266 
568 
728 
490 
551 
677 
239 
110 


lean 


405 


453 


4  54 


975 

545 

+ 

50 

611 

+ 

56 

-97 

976 

924 

+ 

56 

1 

03(1 

+ 

63 

250 

lean 


734 


824 


M-or  1961  througli  1968  the  forage  was  harvested  from  a  nongrazed  jiasturc 
hile  the  harvests  in  1975  and  197b  were  from  grazed  pastures. 

^Predicted  yield  =  -1,656  +  7.5  (Apr.  ppt .  )  +  80.9  (April  mean  tem]K  )  - 
8.1  (Feb.  mean  temp.)  +  70.8   (May  mean  temji.)  +  1.5  (May  ppt .  J  where 
recipitation  (p])t.)  and  temjierature  (temp.)  are  in  millimeters  and  degrees 
elsius,  respectively. 


Forage  yield  fluctuations  on  clieatgrass  range  are  well  known.   Table  3  gives  the 
forage  production  (mainly  chcatgrass)  for  the  years  1961  througli  1968,  taken  from  an 
'rea  that  was  not  grazed  for  the  entire  period.   June  15  forage  yields  during  that 
eriod  were  highly  predictable  using  a  stepwise  multiple  regression  analysis.   I'ifty- 
■wo  percent  of  the  variation  in  yield  was  related  to  April  precipitation  and  April 
iemperature .   Ninety-nine  percent  of  the  variation  in  yield  was  predicted  by  the 
Iquation: 

Y  ^    -1656  +  7.5  (Apr.  ppt.)  +  80.9  (A]ir.  mean  temp.)  -  28.1 

(Feb.  mean  temp.)  +70.8  (May  mean  temp.)  +1.5  (May  ppt.) 

The  r2  =  0.999.   Yield,  precipitation,  and  temperature  are  in  kilograms  dry  matter 
er  hectare,  millimeters,  and  degrees  Celcius,  respectively.   Climatic  data  for  Glenns 
srry,  Idaho,  were  used  in  the  regression  analysis. 


Murray  has  observed  that  moderate  grazing  of  cheatgrass  range  from  year  to  year 
stimulates  forage  production  when  compared  to  nonuse.   This  is  substantiated  by  the 
fact  that  the  1975  and  1976  yields  from  grazed  pastures  (table  3)  were  greater  than 
those  predicted  by  the  equation.   Nonuse  for  a  long  period  in  the  absence  of  fire 
causes  a  litter  buildup,  which  may  interfere  with  cheatgrass  germination  and  seedling 
establishment . 

Soils  at  the  experimental  range  were  developed  on  gently,  undulating  topography, 
from  Black  Mesa  gravels  and  aeolian  sources  (Malde  and  Powers  1962) .   The  underlying 
rock  is  basalt  and  has  not  influenced  soil  development. 

The  soils  are  considered  to  be  in  the  Minidoka  silt  loam  series,  a  member  of  the 
coarse  silty,  mixed,  mesic  Xerollic  Durorthid  family.  Appendix  II  gives  descriptions 
of  the  soils  for  the  needle-and-thread  grass  and  sagebrush  sites. 

Throughout  the  range,  some  small  areas  termed  "slick-spots"  are  present  (Rasmussei 
and  others  1972).   These  soils  have  a  strongly  developed  B2  horizon  that  contains  larg( 
amounts  of  exchangeable  sodium.   Weakly  developed  "slick-spots"  are  only  noticeable 
during  late  May  and  June  when  cheatgrass  is  drying.   Within  these  spots,  cheatgrass 
will  turn  purple  2  to  3  weeks  before  the  surrounding  plants.   Also,  in  many  instances, 
cattle  will  graze  the  spot  completely  to  the  soil  surface,  while  the  surrounding  grass 
appears  little  used.   The  reason  for  this  grazing  behavior  is  unknown;  perhaps  the 
stressed  plants  have  a  higher  sugar  and/or  salt  concentration  than  do  plants  on  the 
adjacent  soils. 


METHODS  AND  PROCEDURES 


Field  Procedures 

Forage  phenology  data  were  obtained  from  field  observations  made  from  1962  through 
1968.  A  variety  of  techniques,  including  line  intercept,  canopy  coverage,  and  permanen 
circular  plots,  were  used  to  determine  species  cover  and  frequency.  Rectangular  plots, 
7.9  by  19.7  inches  (20  by  50  cm),  were  clipped  during  the  full  flower  stage  to  determin 
standing  crops  of  grasses  and  forbs  (fig.  2),  while  236  by  394  inches  (6  by  10  m)  plots 
were  used  to  determine  the  standing  crop  of  basin  big  sagebrush. 

A  fertilizer  trial,  a  minor  part  of  the  total  study,  was  initiated  to  determine 
the  effects  of  added  N  and  P  on  forage  dry  matter  yield,  protein,  and  mineral  concen- 
trations.  Cheatgrass  plots  were  fertilized  with  0,  40,  80,  120,  160,  or  200  lb  N  per 
acre  (1  lb/acre  equivalent  to  1.12  kg/ha).   Needle-and-thread  plots  were  fertilized 
with  both  N  and  P  applied  at  40,  80,  or  120  lb  N  or  P  per  acre  in  all  combinations. 
The  N  as  ammonium  nitrate,  and  P  as  treble  superphosphate,  were  applied  in  September 
1964  with  four  replications.   All  fertilizers  were  surface-applied.   The  cheatgrass 
plots  were  harvested  in  mid-June  1965,  the  needle-and-thread  plots  were  harvested  in 
mid-June  1965  and  1966,  and  the  forage  was  separated  by  species. 


^H^"^^  N? 
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Figure  2. — Research  teehniaian  clipping  forage  to  deteinnine  produotivit/i  on 
3  .  cheatgrass  range. 

I     Forage  dry  matter  production  above  1/2-inch  (1.3-cni)  stubble  hcii'Jit  was  detei-iiiiiied 
3y  clipping  50  plots  20  inches  (51  cmj  by  15  feet  (4.6  m)  except  in  1975  and  l*'7(i  when 
-00  randomly  located  l-ff-  (929-cm2j  plots  were  clipped.   Plant  material  for  cliemical 
md  forage  quality  characterization  was  harvested  periodically  (at  1/2-inch  stublile 
weight)  from  random  clones  in  the  same  nongrazed  pasture  between  mid-March  and  Noveiiiiier 
luring  the  1962  through  19b8  period.   Plant  material  was  ovendried  24  to  1S  tiours  at 
1158°  F  (70°  C)  and  ground  to  pass  a  40-mesh  screen.   Forage  moisture  content  was  deter- 
lined  on  some  samples  as  the  water  lost  by  drying  at  158°  !'(70°  C)  for  24  to  48  lunirs, 
livided  by  drv  matter  content. 
i 

I    Gravimetric  soil  moisture  content  was  determined  on  triplicated  soil  core  samples 
'taken  monthly  from  1961  through  1968.   Additional  soil  samples  for  chemical  and  bulk 
lensity  analysis  were  taken  from  the  side  of  soil  pits  dug  in  tlie  cheatgrass,  necdle- 
ind-thread  grass,  and  sagebrush  communities.   Samples  for  chemical  and  textural  anal\-ses 
fere  air  dried  and  passed  through  a  2-mm  screen.   Bulk  density  cores  were  ovendried  for 
M  hours  at  220°  F  (105°  C)  and  weighed.   Soil  descriptions  follow  the  standard  Soil 
Conservation  Service  procedures  and  terminology. 

I  Forage  Analyses 

;    Total  nitrogen  (N),with  the  salicylic  acid  modification  for  N-N  and  \'-0  linkages, 
'as  determined  by  semi-microKj eldahl  procedures.   Nitric-perchloric  acid  (5:1)  digestion 
■f  forage  samples  preceded  analysis  for  phosphorus  (P)  ,  sulfur  (S),  calcium  (("a), 
Magnesium  (Mgj ,  potassium  (K) ,  sodium  (Na) ,  zinc  (Zn),  manganese  (Mn),  copper  (Cu).  and 
iron  (Fe) .   Phosphorus  was  estimated  colorimetrical ly  following  the  ammonium  molybdate- 
tannous  chloride  procedures.   Sulfur  content  was  determined  by  a  modification  of  the 


turbidimetric  procedure.   All  other  elements  were  estimated  by  atomic  absorption 
spectrophotometry.   A  standard  plant  sample  that  had  been  analyzed  in  several  other 
laboratories  was  used  as  a  check  on  procedures. 

Forage  samples  were  also  analyzed  for  neutral -detergent  fiber  (NDF) ,  NDF-ash, 
digestible  cell  wall  (DCV>f)  ,  DCW-ash  free,  and  true  dry  matter  digestibility  (TDDM) 
following  the  procedures  specified  by  Goering  and  Van  Soest  (1970).   Rumen  fluid  in- 
oculum was  obtained  from  a  donor  cow  maintained  on  a  timothy  (Phleum  pratense) 
grass-hay  diet. 

Soil  Analyses 

Soil  organic  N  was  determined  on  finely  ground  (100-mesh)  soil  by  microKjeldahl 
procedures.   Phosphorus  was  determined  by  extracting  5  g  soil  with  100  ml  of  sodium 
bicarbonate  (pH  8.5),  filtering,  and  using  an  ammonium  molybdate-stannous  chloride 
procedure  to  develop  the  blue  color  (Olsen  and  Dean  1965).   Sulfate  sulfur  (SOi^-S) 
concentrations  were  obtained  following  the  procedure  outlined  by  Bardsley  and  Lancaster 
(1965)  . 

Soluble  and  exchangeable  sodium  and  potassium  were  extracted  with  1  N   ammonium 
acetate  (pH  7.0  at  a  ratio  of  5  g  soil  to  100  ml  extracting  solution).   After  shaking 
for  2  hours,  the  solution  was  filtered  under  suction  and  Na  and  K  were  determined  by 
flame  photometry. 

Zinc,  Mn,  Cu,  and  Fe  concentrations  were  determined  by  extracting  10  g  soil  with 
20  ml  diethylenetriamine  pentaacetic  acid  (DTPA)  extracting  solution.   The  extracting 
solution  contained  0.005  M   DTPA,  0.01  M   calcium  chloride,  and  0.1  M   triethanolamine  (TEA) 
adjusted  to  pH  7.30  with  glacial  acetic  acid.   After  filtering,  the  extracts  were  ana- 
lyzed by  atomic  absorption  spectrophotometry  (Lindsay  and  Norvell  1969;  Follett  and 
Lindsay  1970).   Soil  pH  was  determined  on  a  1:1  soil :distilled  water  paste,  using  a 
glass  electrode. 

Calcium  carbonate  equivalents  were  determined  by  acid  neutralization  (Allison  and 
Moodie  1965).   The  soils  were  not  analyzed  for  Ca  and  Mg,  because  of  the  high  concentra- 
tions of  calcium-magnesium  carbonate  in  the  profile  which,  upon  extraction  with  ammonium 
acetate,  yield  erroneously  high  values  (Heald  1965)  although  Mg  content  was  determined 
on  a   I   N   ammonium  acetate  extract  of  the  surface  soil  from  the  cheatgrass  community. 

Soil  moisture  content  at  the  three-tenths  and  15-bar  tension  was  determined  by 
pressure  plate  apparatus. 

Statistical  Analyses 

Seasonal  trends  in  soil  water  concentrations  were  calculated  using  a  2-factor 
Fourier  analysis  (Bliss  1958).   Linear  and  curvilinear  regression  techniques  were  used 
to  summarize  forage  water,  forage  mineral  concentrations,  and  forage  quality  data.   All 
forage  mineral  and  nutritive  quality  data  were  fit  to  each  of  the  following  curve  forms: 
a  +  b/x,  ax'^^,  a  +  bx,  ae^^,  x/(a  +  bx)  ,  l/(a  +  bx)  and  a  +  bx  +  cx^.   The  curve  form 
selected  was  the  one  yielding  the  largest  sum  of  r^  values  for  the  seven  species  tested. 

Animal  Weight-Gain  Responses 

Hereford  and  Angus  beef  cattle,  or  crosses  of  these  breeds,  were  provided  by  local 
livestockmen.   Yearling  cattle  weight-gain  responses  to  various  stocking  intensities 
were  determined  by  the  "put-and-take"  method.   Other  yearling  and  cow-calf  weight-gain 
responses  to  season-long  grazing  of  moderate  intensity  were  also  determined.   Animals 
grazed  within  0.6  mi  (1  km)  of  water  and  were  weighed  at  periodic  intervals  (generally 
28  days)  following  an  overnight  shrink  without  feed  or  water. 


RESULTS  AIMD  DISCUSSION 


Soil  Moisture 

Monthly  precipitation  for  1961  through  1968  is  shown  in  conjunction  with  soil 
oisture  at  Saylor  Creek  Experimental  Range  in  the  0-  to  12-inch  (0-  to  30-cni)  and 
2-  to  24-inch  (30-  to  60-cm)  depths  (fig.  3). 

Because  most  of  the  precipitation  falls  as  snow  or  rain  in  winter  and  spring, 
lants  generally  mature  by  early  to  midsummer.   Shallow-rooted  plants,  sucli  as  cheat- 
rass  and  bluegrass,  mature  before  the  deeper  rooted  species,  which  is  reflected  in 
|orage  moisture  concentrations  (table  4)  and  is  related  to  the  characteristic  soil 
oisture  patterns  illustrated  in  figure  4.   This  analysis,  representing  9  years  of 
ata,  leads  to  highly  predictable  soil  moisture  values  for  the  various  soil  depths  and 
ndicates  a  lag  in  soil  moisture  depletion  with  increasing  depth  during  spring  and 
ummer  months  that  explains  the  differential  curing  between  shallow-  and  deep-rooted 
pecies . 
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Figure   S.— Trends   in  soil  moisture  for  the   0-   to   12-inch    (0-    ^^   ..,.-..,.,/  •  :.,.c.  ...- 
24-inch.    (30-   to  CO-cm)        depths  for  the   uears   1961   through   1968  in   relation   to 

monthly  precipitation.      The  -0.3  har  water  content  i"    ^'  '-   ^  "  -^"'^      '"' 

water  content  is   7  percent    (W/W) . 
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1968 

'    ■'>-    to 


and 


13.5 


to  Zn-om)- 
1968  in  Pi 
percent  and  the  -15  bar 


Table  4. --Regression  of  forage  moisture  content   (Y  .=  ((Wet  Weight  -  dry  weight)/dry 
weight)   100)  against  date   (X)  and  correlation  values  for  each  of  seven 
species  collected  on  periodic  dates  for  5  years  of  a  7 -year  period  and 
the  predicted  Y  values  for  each  of  four  dates. 


Species 


Regress ion -correlation 


Collection  date 


4/15  :  5/15  :  6/15 


7/15 


Predicted  forage  moisture ^    Y 


Desert  Wheatgrass 
Streambank  wheatgrass 
Cheatgrass 
Basin  wildrye 
Sandberg's  bluegrass 
Bottlebrush  squirreltail 
Needle-and-thread  grass 


Y   -   380   - 

-    1 

.51X, 

Y   =   317    - 

■    1 

.23X, 

Y   =   669   - 

-    3 

.52X, 

Y   =   524    - 

-    2 

.13X, 

Y   =   348    - 

■    1 

.70X, 

Y   =   455    - 

■    2 

.05X, 

Y   =    265    - 

-    1 

.05X, 

r^  = 


r2  = 


0.75 

220 

175 

128 

83 

.70 

187 

150 

112 

75 

.85 

296 

190 

81 

0 

.87 

298 

234 

168 

104 

.72 

168 

117 

64 

13 

.82 

238 

176 

113 

51 

.61 

154 

122 

90 

58 

20 

18 
^      16 
i      14 

0) 

5     '0 

^        8 

c 

)OIL  DEP 
0-l5cm 
5-30cm 
)G-45cm 
J5-60cm 

V " 

TH        -^'jBAR- 
* — »      13  1  % 
• — •      15  5% 
' — '     20  6% 
o — 0      17  4% 

5  BAR                                                                                                              "1 

6  5  % 
8  3  % 

0  5  %                                                ^ ^^ 

_J 

O        6 

^        4 
2 

0-l5cm   ""IT 

4  74 

0  63 

4.28 

0  73 

533 

1  05 

6.42 

1   08 

10  06 

1  06 

13.82 

0  85 

15  48 

1    10 

14  97 

0  80 

13   13 

0  68 

10.70 

0  93 

7  84 

1   05 

6  79 

l5-30cm   ^^f 

7  99 

0  57 

7  33 

0  68 

778 

093 

8   18 

1   20 

9.57 

1  01 

1  1.62 

0.78 

13  06 

0.7  7 

14  96 

0  95 

15  10 

0  87 

13.22 

1,04 

10  49 

1   01 

981 

0  69 

30-45cm  ^ff 

10   12 

0  76 

9  58 

0,53 

10  42 

0  75 

10  72 

1    38 

1151 

1   29 

12  39 

1   06 

13  92 

1     !  7 

16  54 

1    14 

17  33 

0  96 

17  07 

0  82 

13  82 

0  99 

1202 

0  76 

45-60cm   "^IfN 

10.88 

0  37 

10  1  1 

045 

11.32 

1  00 

11.56 

1   70 

II   66 

1    49 

12  42 

0  97 

13  34 

1     13 

15.16 

1   25 

15  94 

1    39 

16  50 

1   03 

13  92 

0  99 

13.01 

0  63 

MONTH 

JUL 

AUG 

SEP 

OCT 

NOV 

DEC 

JAN 

FEB 

MAR 

APR 

MAY 

JUN 

Figure  4. — Trend  in  soil  moisture  at  four  depths  at  Saylor  Creek  Experimental  Range. 
Mean  monthly  soil  moisture  percentage  and  standard  error  of  the  mean  calculated  from 
9  years'  data   (1961   through  1969).      The  1/2  and  15-atmosphere  values  for  each  depth 
given  in  table  at  top   left.        Data  for  soil  moisture  curves  were  calculated  from 
9  years'  data  using  a  two-factor  Fourier  analysis   (Bliss  1958). 
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Soil  Mineral  Availability 

Mineral  composition  of  soil  has  an  impoizant  bearing  on  soil  fertility  and  plant 
chemical  composition.   Soils  having  a  high  proportion  of  minerals  resistant  to  weatlier- 
ing,  like  granite  quartz,  are  generally  infertile.   At  Saylor  Creek,  the  soils  arc 
derived  from  sedimentary  and  aeolian  sources  and  are  comparatively  productive. 

Plants  with  a  wide  and  deep  root  distribution  in  the  soil  profile  proliably  have  a 
greater  chance  for  ion  uptake  than  those  with  narrow  or  shallow  root  distributions. 
Most  roots  were  concentrated  in  the  0-  to  16-inch  (0-  to  40-cm)  zone  in  cheatgrass, 
needle-and-thread  grass,  and  sagebrush-grass  communities.   In  the  first  two  communities, 
few  roots  were  found  below  16  inches  (40  cm),  but  in  the  sagebrush-grass  community 
roots  were  found  in  relatively  greater  abundance  below  16  inches  (40  cm) . 

Throughout  the  32-  to  55-incli  (80-  to  140-cm)  zone  at  the  needle-and-tliread  grass 
sites,  decaying  sagebrush  roots  were  found  upon  fragments  of  caliche.   Apparently,  some 
sagebrush  roots  are  unable  to  find  their  way  through  the  caliche  zone  even  during 
periods  of  high  moisture. 

Soil  cliaracteristics  for  the  needle-and-thread  grass,  sagebrush-grass,  and  cheat- 
grass  sites  are  given  in  table  5.   Organic  N,  K,  Mn,  and  Fe  concentrations  were  greater 
near  the  surface  and  tended  to  decrease  with  depth.   At  the  needle-and-thread  grass 
site,  the  organic  N  increased  in  the  32-  to  55-incIi  (80-  to  140-cm)  zone  because  of  the 
decaying  sagebrush  roots.   At  the  cheatgrass  site,  organic  nitrogen  began  to  increase 
at  about  8  inches  (20  cm).   The  levels  of  organic  N  were  comparable  to  those  found  in 
a  Minidoka  silt  loam  soil  from  Canyon  County,  Idaho  (Priest  and  others  1972). 

Phosphorus,  Zn,  and  Cu  distributions  were  somewhat  variable  with  dcjith,  but 
tended  to  occur  in  higher  concentrations  near  the  surface.   Both  Na  and  su] fate-sul fur 
increased  with  depth.   The  higher  concentrations  of  highly  mobile  Na  and  sulfate  (1,050 
and  916  ppm  in  the  32-  to  55-inch  (80-  to  140-cm)  zone)  of  the  needle-and-thread  grass 
site,  compared  to  450  and  136  ppm  at  the  sagebrush  site,  might  have  resulted  because 
deep-rooted  sagebrush  was  removed  in  1957  and  these  ions  were  leached  from  the  upper 
profile  and  accumulated  in  the  32-  to  35-inch  (80-  to  140-cm)  zone  of  the  grass  site, 
but  more  likely  represent  some  differences  in  soils  between  the  two  sites. 

Follett  and  Lindsay  (1970)  found  that  the  average  DTPA-extractable  Zn,  Mn,  and  Fc 
contents  from  37  Colorado  soil  profiles  decreased  with  depth,  while  Cu  remained  rela- 
tively uniform  with  depth.   They  also  found  that  the  range  varied  from  0.13  to  14.2 
ppm  for  Zn,  1.5  to  160  ppm  for  Fe,  0.6  to  39.5  ppm  for  Mn,  and  0.14  to  3.68  ppm  for  Cu. 
Our  values  fell  within  these  ranges,  averaging  toward  the  lower  end  of  the  range. 

Some  elements  are  readily  leached  from  plant  tissues  (Mes  1954)  which,  witli  litter 
accumulation  and  decay,  accounts  for  the  high  concentrations  in  the  surface  soil. 
Precipitation  collected  from  under  sagebrush  plants  contained  more  minerals  than  that 
collected  from  between  sagebrush  plants  (Murray  1975).   Part  of  the  increase  is  prob- 
ably due  to  the  precipitation  washing  dust  from  the  plant  leaves. 

Although  plants  use  N  in  the  ammonium  and  nitrate  forms,  little  inorganic  N  can 
be  detected  in  these  soils  during  the  growing  season.   Consequently,  N  is  measured  as 
organic  N  and  the  levels  are  assumed  to  indicate  the  potential  availability  of  N. 
Stevenson  and  Wagner  (1970)  state  that  organic  N  consists  mainly  of  (1)  nitrogenous 
biochemicals  synthesized  biochemically  by  micro-organisms  living  on  plant  and  animal 
residues,  and  (2)  products  formed  by  secondary  synthesis  reactions  which  bear  no  resem- 
blance to  any  substances  in  plant  and  animal  tissues  (humic  and  fulvic  acids).   These 
products  are  eventually  transformed  into  ammonium  and  nitrate--N.   Moist  Saylor  Creek 
surface  soils  incubated  for  10  weeks  in  the  dark  produced  16  ppm  nitrate-N,  and  vv'hcn 
alfalfa  was  added  as  an  energy  source  to  soil,  it  produced  58  ppm  nitrate-N.   Fertiliza- 
tion with  N  increases  plant  yields  at  Saylor  Creek,  thus  indicating  that  N  is  limiting. 
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Tabic  5. --Soil  characteristics  of  the  needle-ami-thread  grass,    sagebrush-grass, 
and  cheatgrass  sites  at  the  Baylor  Creek  Experimental  Range   (1972) 

NF.l-.DLr.-ANn-THREAD  GRASS  SITH 

NE.1/4,  SE.1/4,  sec.  17,  T.6S.,  R.9E.,  Boise  Meridian 


Depth 

:    Bulk 

(cm) 

pll 

:    CaCO;, 

M 

K      : 

P 

SO^-S 

Na 

2n 

rin 

Cu 

Fc 

rdensity 

:    15   A 

Percent- 
0.106 

Thnrn 

g/am^ 
1.32 

Ferae 

7.7 

0-10 

8.2 

5.8 

0.040 

2.8 

5 

12 

0.9 

7.6 

1.2 

5.3 

10-20 

3  .3 

8.5 

.074 

.028 

1  _  2 

T 

12 

1.0 

6.1 

1.2 

5.3 

1.43 

8.3 

20-30 

8.4 

15.5 

.065 

.022 

2.3 

T 

14 

.4 

4.5 

1.  1 

3.  7 

1.66 

7.8 

30-40 

8.3 

24.1 

.066 

.015 

.9 

T 

19 

.  3 

5.1 

.9 

3.5 

1.70 

8.4 

40-80 

8.6 

4  3.4 

.061 

.009 

1.5 

7 

132 

.4 

4.0 

.5 

2.6 

1.68 

9.5 

80-140 

8.3 

36.0 

.080 

.020 

3.0 

916 

1,050 

.5 

3.5 

.4 

2.0 

1.64 

SAGEBRUSH-GRASS  SITE 
SE.1/4,  NW.1/4,  sec.  17,  T.6S.,  R.9E.,  Boise,  Meridian 


Depth 

:     Bulk 

(cm) 

pll 

:    CaCO, 

N 

K      : 

P 

SO^ 

-S 

Na 

Zn 

Mn 

Cu 

Fe 

:density 

:    15  A 

Peraent- 
0.089 

'f>nm 

g/om'^ 
1.33 

Peree 
7.3 

0-10 

7.9 

3.0 

0.051 

4.8 

5 

8 

1. 1 

13.9 

1.1 

12.0 

10-20 

8.2 

9.0 

.082 

.044 

2.3 

T 

10 

.4 

10.2 

1.6 

7.0 

1.45 

7.8 

20-30 

8.4 

15.5 

.044 

.032 

.6 

T 

8 

.4 

8.4 

1.8 

4.7 

1.50 

8.9 

30-40 

8.4 

19.7 

.070 

.025 

1.0 

T 

10 

.4 

6.5 

.8 

4.7 

1.54 

9.2 

40-80 

8.6 

24.7 

.039 

.025 

1.5 

1 

17 

.4 

4.9 

1.0 

4.5 

1.82 

7.4 

80-140 

8.8 

57.3 

.041 

.030 

2.4 

1 

36 

450 

.5 

2.4 

.5 

2 .  7 

1.71 

10.9 

CHEATGRASS  SITE 
Center  NE.1/4,  sec.  28,  T.6S.,  R.9E.,  Boise  Meridian 


Depth 

:     pll          : 

Mg          : 

N            : 

K 

:       Na 

Sand 

:       Silt     : 

Clay 

:         C.E.C. 

(cm) 



— Percent — 

Ppm 

— Peraent-- 

lleq./lOO  g 

0-5 

7.6 

0.050 

0.093 

0.055 

18 

42 

44 

14 

11.6 

5-10 

7.8 

.067 

43 

41 

16 

10-15 

7.9 

.015 

.066 

.044 

18 

43 

41 

16 

12.8 

15-20 

7.9 

.068 

43 

41 

16 

20-25 

8.0 

.018 

.074 

.035 

21 

44 

39 

17 

10.1 

25-30 

8.0 

.083 

43 

40 

17 

30-36 

8.1 

.021 

.090 

.032 

20 

43 

38 

18 

11.3 

36-41 

8.2 

.088 

43 

38 

18 

41-46 

8.2 

.022 

.095 

.022 

23 

48 

38 

14 

10.7 

46-51 

8.3 

.063 

54 

34 

12 

12 


McGeorge  and  others  (1935)  found  that  in  calcareous  soils  I'  ava  i  lali  i  1  i  ty  is  gov- 
erned by  the  carbon  dioxide  and  pH  of  tlie  soil.   They  show  that  P  availability  is 
reduced  by  the  presence  of  calcium  carbonate.   Truog  (lt)46)  noted  tliat  between  pi!  d.S 
and  7.5  conditions  are  most  favorable  for  P  availability;  lietwcen  pH  7.5  and  8.5  P  avail- 
ability is  reduced;  and  at  pli  8.5  and  higher  soluble  sodium  phosphate  readily  available 
for  plant  use  would  be  formed.   In  tlie  active  rooting  zone  at  Saylor  Creek,  pll  values 
fall  between  7.5  and  8.5,  and  thus  P  deficiencies  could  also  limit  plant  growtli. 

Soil  sulfur  exists  iii  both  organic  and  inorganic  forms.   Tabatabai  and  Bremner 
(19721  discuss  two  forms  of  organic  sulfur:  (Ij  organic  sulfates  containing  C-O-S  link- 
ages, and  (2)  S  containing  amino  acids  (methionine  and  cysteine).   These  forms  arc 
broken  down  to  inorganic  sulfates  by  micro-organisms,  and  it  is  in  this  form  that  plants 
take  up  S.   The  pH  of  the  soil,  except  under  very  acid  conditions,  lias  little  effect  on 
S  availability.   However,  the  sulfate  ion  is  mobile  and  readily  leached  as  evidenced  by 
the  needle-and-thread  grass  site  (table  5).   It  is  not  knov\m  whether  the  low  concentra- 
tion of  S  in  the  4-  to  16-inch  (10-  to  4n-cm)  zone  is  due  to  plant  uptake,  leaching, 
or  differences  in  basic  soil  chemistry.   Sulfate  fertilization  may  be  beneficial  to 
plant  growth,  especially  if  N  fertilization  were  practiced. 

Generally,  large  quantities  of  K  are  found  in  soils,  but  most  is  in  unavailable 
forms.   However,  the  extractable  K  in  Saylor  Creek  soils  appears  to  be  adequate. 

Sodium  is  not  known  to  be  essential  for  plant  growth  except  that  certain  saltbush 
species  require  it  (Brownell  1965).   Sodium  levels  in  the  Saylor  Creek  soils,  within 
the  rooting  depth,  are  not  sufficiently  high  to  present  a  toxicity  problem.   Data  in 
table  5  indicate  that  Na  is  readily  transported  to  the  lower  depths.   "Slick-spot" 
soils  contain  larger  quantities  of  Na  in  the  B  horizon  than  normal  soils.   An  examina- 
tion of  a  well-developed  "slick-spot"  profile  revealed  that  the  A  and  B  horizons  con- 
tained 15  and  167  mg  Na  per  100  grams  of  soil,  respectively.   Sucli  soils  liave  only 
sparse  vegetation. 

Threshliold  levels  of  extractable  (with  DTPA)  trace  minerals  above  which  greater 
dry  matter  production  will  not  result  for  many  intensively  managetl  crops  on  soils  of 
the  types  at  Saylor  Creek  can  be  tentatively  considered  as  1,  1,  5,  and  5  ppm  for  In, 
Cu,  Fe,  and  Mn ,  respectively.   On  this  rangeland,  soil  water  and  perhaps  N  and  S  are 
limiting  plant  growth,  and  we  would  not  expect  forage  growth  response  to  trace  mineral 

I  additions. 

I 

Zinc,  Mn,  Cu,  and  I'c  availabilities  are  severely  reduced  at  soil  pll  levels  above 
7.5  (Truog  1946).   Peech  (1941)  found  that  at  pi!  9.0,  nearly  all  the  Zn  is  fixed.   The 
I  uptake  of  Zn  decreases  with  increasing  Ca  +  +  levels  in  soil  (Fqxstein  and  Stout  1951). 
I  However,  Wear  (1956)  has  shovv-n  that  uptake  of  Zn  is  controlled  l)y  pll  and  is  not  a 
I  calcium  effect . 

•,      Zinc,  Mn,  Cu,  and  Fe  concentrations  were  determined  in  alkali  sacaton  (Ciporobotus 

{wpight  i ')  growing  on  sodic  soils  in  Arizona  (Bohn  ant!  AIni-liusayn  1971).   Tliey  found 

I  that  the  Zn  and  Cu  concentrations  in  tlie  plants  decreased  as  tlie  pll  of  the  soil  changed 

; from  7.5  to  9.5,  but  that  the  Mn  and  Fe  contents  increased.   They  suggested  that  this 

! could  be  due  to  the  reducing  conditions  resulting  from  low  air  ami  water  ]iermeab i 1 i ty 

']  of  these  soils.   Under  our  conditions  at  Saylor  lireek,  it  is  likely  that  tlie  ava  i  lalii  1  i  ty 

of  these  micronutrients  is  reduced  by  tlie  higher  pll. 

Forage  Yield  and  Mineral  Content  After  Fertilization 

I     The  fertilization  trial  was  initiated  to  determine  the  effects  of  added  N 
I  (as  NH  NO  )  and  P  (as  treble  sujierphosphatc)  on  yield  and  protein  content  of  grasses 
'within  the  cheatgrass  and  needle-and-thread  grass  communities.   iVe  later  decided  to 
ianalyze  the  same  samples  for  additional  nutrients  (tables  6  and  7). 
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Table  6. --Effects  of  different  N   (as  NH.NO^)   fertilization  rates  on  yield  and  mineral  concentrations 
or  ratios  of  cheatgrass  and  tansy  mustard.     Fertilized  in  September  1964  and  harvested  in 


June  1965 


Fertilization 

rate 
(Ib/ac   (kg/ha)) 


Yield 


Ca 


Mg 


Na 


Zn  Mn   Cu 


N:S 


n 

(0) 

40 

(45) 

80 

(90) 

120 

(134) 

160 

(179) 

200 

(224) 

0 

(0) 

40 

(45) 

80 

(90) 

120 

(134) 

160 

(179) 

200 

(224) 

U 

Vac 

(k 

J /ha) 

-  -  -  - 

-  - 

-  Percent 



_ 





Ppm 

-  - 



CHEATGRASS 

670 

(750) 

0.4S   0 

062 

0.040 

0.280 

0.078 

0.40 

143 

18 

61 

6.1 

11.2  0. 

1 

,228 

(1 

,380) 

.45 

062 

.030 

.315 

.082 

.40 

275 

16 

64 

4.1 

15.0   . 

1 

,552 

(1 

,740) 

.60 

053 

.035 

.307 

.077 

.40 

137 

13 

70 

3.8 

17.1   . 

1 

,667 

(1 

,870) 

.83 

075 

.048 

.408 

.100 

.45 

141 

16 

78 

4.4 

17.3   . 

2 

,104 

(2 

,360) 

.78 

058 

.040 

.376 

.082 

.35 

189 

16 

84 

4.2 

19. S   . 

2 

,269 

(2 

,540) 

.91 

070 

.050 

.446 

.097 

.57 

208 

15 

64 

3.8 

18.2   . 

TANSY  MUSTARD 

252 

(280) 

1.28 

178 

.325 

.784 

.201 

1.05 

92 

16 

20 

3.6 

3.9   . 

488 

(550) 

1.28 

191 

.395 

1.189 

.359 

1.10 

86 

15 

12 

3.  3 

3.2   . 

330 

(370) 

1.82 

150 

.420 

1.544 

.390 

1.15 

62 

15 

24 

3.7 

4.3   . 

224 

(250) 

2.26 

182 

.430 

1.664 

.462 

1.18 

73 

18 

26 

4.8 

5.3   . 

70 

(80) 

2.00 

137 

.435 

1.319 

.384 

1.02 

82 

16 

16 

2.7 

4.6   . 

288 

(320) 

1.90 

130 

.382 

1.291 

.340 

1.02 

164 

14 

16 

2.1 

5.0   . 

Table  1. --Mineral  composition  of  selected  species  in  relation  to  nitrogen  and  phosphorus 
fertilization   1   and  2  years  after  app>liaation^ 


N 

P 

S 

Ca 

Mg 

K   : 

Na 

Zn 

Mn 

Cu 

N/S 

_        P/?vi/^/OVl-/- 

-  T>r)m 

Desert  wheatgrass  (1965) 

Without  fertilization 

0 

.94 

0.127 

0.75 

0.264 

0.074 

1.050 

66.0 

16.0 

38.0 

6.7 

12. 

With  fertilization 

1 

.19 

.131 

.92 

.288 

.084 

.972 

65.0 

14.8 

44.4 

7.8 

13. 

S.i;.m 

.07 

.003 

.01 

.010 

.003 

.086 

3.0 

.5 

1.4 

.3 

Desert  vvheatgrass  (1966) 

Without  fertilization 

1 

03 

.112 

.105 

.444 

.101 

1.040 

52.0 

11.0 

34.0 

4.4 

9. 

With  fertilization 

1 

.28 

.  121 

.105 

.459 

.115 

1.090 

56.2 

12.0 

56.9 

7.2 

12. 

S .  F .  m 

.05 

.003 

.004 

.016 

.003 

.043 

1.5 

1.1 

2.3 

1.6 

. 

Cheatgrass  (1965) 

Without  fertilization 

.46 

.068 

.030 

.337 

.088 

.350 

85.0 

19.0 

81.0 

7.7 

15. 

With  fertilization 

.60 

.064 

.034 

.340 

.087 

.353 

119.0 

15.2 

84.2 

7.4 

17. ( 

S.E.m 

03 

.004 

.002 

.007 

.002 

.013 

10.0 

.9 

2.2 

.  3 

A 

Sandberg's  bluegrass  (1965) 

Without  fertilization 

.92 

.078 

.072 

.569 

.121 

.180 

74.0 

17.0 

74.0 

5.3 

12. f 

With  fertilization 

1 

12 

.082 

.059 

.531 

.116 

.217 

74.8 

17.4 

66.3 

5.7 

19. 

S.E.m 

04 

.002 

.002 

.010 

.002 

.006 

2.6 

.  3 

2.4 

.  1 

.i 

Sandberg's  bluegrass  (1966) 

Without  fertilization 

.36 

.108 

.105 

.658 

.148 

.380 

69.0 

12.0 

67.0 

6.1 

13.1 

With  fertilization 

43 

.  123 

.110 

.600 

.145 

.436 

68.5 

15.2 

70.3 

5.7 

13. 

S.E.m 

04 

.004 

.003 

.013 

.002 

.020 

2.1 

.  3 

1.9 

.2 

• 

Needle-and-thread  grass 

(1965) 

Without  fertilization 

18 

.  140 

.136 

.684 

.166 

.920 

65.0 

16.0 

33.0 

5.8 

8. 

With  fertilization 

48 

.110 

.109 

.610 

.162 

1.048 

71.8 

15.2 

51.6 

6.  1 

13. 

S.E.m 

05 

.003 

.003 

.025 

.006 

.022 

4.0 

.2 

2.7 

.1 

Needle-and-thread  grass 

(1966) 

Without  fertilization 

80 

.090 

.114 

.655 

.162 

.650 

87.0 

14.0 

73.0 

5.8 

15. ; 

With  fertilization 

21 

.099 

.126 

.632 

.  166 

.698 

74.6 

12.6 

79.3 

5.S 

9.  ' 

S.E.m 

03 

.002 

.002 

.005 

.002 

.027 

.6 

.3 

1.5 

.  1 

■' 

^Mineral  concentrations  in  nonfertilized  forage  are  compared  to  those  in  forage  fertilized 
with  40,  80,  or  120  lb/acre  N  in  combination  with  0,  40,  80,  and  120  lb  P/acre.   Data  within 
the  40  to  120  lb/acre  N  or  P  were  not  different  from  each  other  and  were  therefore  combined  and 
the  standard  error  of  the  mean  (S.E.m)  calculated. 
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Fertilization  with  N  increased  cheatgrass  dry  matter  yields  from  ()70  to  2,270  lb 
per  acre  (750  to  2,540  kg/ha).  Concurrent  with  a  yield  increase,  the  N  concentration 
of  the  forage  also  increased  from  0.45  to  0.91  percent.  Higher  N  concentrations  were 
found  in  tansy  mustard  plants  at  higher  fertilization  rates,  but  yields  were  erratic. 

In  cheatgrass,  Ca  was  the  only  other  nutrient  that  tended  to  increase  with 

increasing  levels  of  N  application.  The  micronutrients  were  not  influenced  by  added 

N.   Nitrogen  application  caused  the  N:S  ratio  to  become  wider,  which  may  reduce 
forage  protein  digestibility. 

Nitrogen  fertilization  tended  to  increase  S,  Ca,  and  Mg  concentrations  in  tansy 
mustard.   The  stimulation  of  cheatgrass  and  the  weedy  mustard  species  by  N  fertilization 
is  caused  by  their  early  growth  and  utilization  of  available  water  and  plant  nutrients. 

i  These  species  would  be  expected  over  several  seasons  to  gain  a  competitive  advantage 

i  over  any  desirable  perennials  that  might  be  present. 

On  the  needle-and-thread  grass  range,  both  N  and  P  were  applied  at  rates  of  40, 
80,  and  120  lb  per  acre  (45,  90,  and  134  kg/ha)  in  all  combinations  in  September  1964; 
I  applications  were  replicated  four  times.   The  plots  were  harvested  in  June  1965  and  June 
I  1966  and  species  were  separated.   The  results  are  given  in  table  7.   The  nonfcrt il ized 
I  plots  are  shown  in  the  table  as  "without  fertilization"  and  constitute  the  composite 
of  the  four  replications.   The  "with  fertilization"  data  are  the  mean  from  all  N  and 
P  plots  without  regard  to  level.   The  standard  error  of  the  mean  (S.E.m]  was  computed 
from  the  latter  data  set  and  represents  the  chance  of  finding  the  true  mean  within 
:  the  values  given  67  percent  of  the  time.   If  it  is  assumed  that  the  "without  fertil- 
.  ization"  data  have  a  similar  standard  error,  then  one  can  compare  the  effect  of 
j  fertilization  on  the  chemical  composition.   The  data  have  been  interpreted  in  this 
I  light,  i.e.,  effects  of  at  least  40  lb  of  N  plus  0,  40,  80,  or  120  lb  of  P  per  acre, 
compared  to  nonfert il ized  forage. 

Fertilization  increased  the  N  content  of  desert  wheatgrass,  cheatgrass,  bluegrass, 
■  and  needle-and-thread  grass  in  1965,  and  of  all  species  except  needle-and-thread 
grass  in  1966.   From  the  original  data,  it  appeared  that  P  applications  had  little 
effect  on  increasing  N  content. 

Fertilization  did  not  greatly  increase  plant  tissue  levels  of  other  nutrients, 
although  there  was  a  tendency  for  P  to  increase  in  some  plants  the  second  year  following 
fertilization.   It  is  possible  that  P  was  just  becoming  available.   Phosphorus 
applications  at  higher  N  levels  tended  to  increase  the  P  content  in  bluegrass  and  wheat- 
grass  in  both  1965  and  1966,  but  not  in  cheatgrass  nor  needle-and-thread  grass.   Sulfur 
increased  considerably  in  wheatgrass  1  year  after  fertilization,  but  no  increase  was 
detected  in  the  second  year.   In  cheatgrass,  Na  uptake  increased  in  1965.   Manganese 
levels  were  higher  in  needle-and-thread  grass  in  1965  and  in  desert  wheatgrass  in  1966 
due  to  fertilization.   The  erratic  nature  of  these  results  indicates  that  fertilization 
with  N  and  P  cannot  be  relied  upon  to  increase  levels  of  nutrients  other  than  N  and 
possibly  P. 

I  Forage  Nutritive  Quality  on  Unfertilized  Rangeland 

'      Photographs  of  the  seven  grasses  and  the  patterns  of  plant  development  for  the 
seven  grass  species  at  Saylor  Creek  are  shown  in  figures  5  and  6,  respectively.   The 
variations  from  year  to  year  when  the  different  stages  occur  explains  some  of  the  var- 
iations in  chemical  content.   In  addition,  variations  in  chemical  content  also  occur  as 
the  result  of  factors  that  influence  availability  and  uptake. 

We  plotted  mineral  concentrations,  digestibility  components,  and  mineral  ratios 
against  dates  in  a  series  of  graphs.   When  the  respective  r^  value  is  significant,  the 
equation  for  the  least  squares  fit  of  the  data  is  given. 
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Figure  5. — Photographs  of  the  seven 
intensively  studied  grass  speaies: 
A.   oheatgrass;  B.   Sandberg's  blue- 
grass;   C.   needle-and-thread  grass; 
v.   bottlebrush  squirreltail; 
E.    desert  wheatgrass;  F;   streambank 
wheatgrass;   and  G.    basin  wildrye 
grass.     Photos  were  taken  in  mid- 
summer 1976.      Height  is  measured 
in  centimeters.      Backdrop  grid 
is  in  decimeters. 
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Figure  6. — Plant  development  of  seven  grass  species.  The  beginning  of  the  bar  represen 
the  earliest  date  and  the  end  of  the  bar  the  latest  date  at  which  the  stage  occurred. 
(Data  taken  at  Saylor  Creek  Experimental  Range  over  the  period  1960  to  1969). 
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Most  of  these  figures  show  an  exponential  decay  in  mineral  concentrations.   T 
results  because  (1)  plants  tend  to  accumulate  most  of  the  minerals  early  in  the  se 
while  subsequent  dry  matter  accumulation  is  predominantly  carbon  compounds,  and  (2 
there  is  a  later  loss  of  mineral -rich  leaves  and  seed  heads.   Also,  as  the  season 
vances,  soil  dries  to  greater  depths  and  the  moisture  found  at  progressively  lower 
depths  is  used  to  support  top  growth  and  root  elongation,  plant  trans]ii  rat  ion ,  and 
medium  for  soil  mineral  diffusion.   The  rate  of  mineral  uptake  may,  as  the  season 
gresses,  be  reduced  during  soil  drying  because  of  reduced  mineral  diffusion  rates 
roots  and  because  mineral  availability  generally  decreases  with  increasing  soil  de 
(fig.  4,  table  5) . 
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Animal  preference  for  various  plant  species  is  closely  related  to  stage  of  plant 
development.   Our  observations  of  cattle  grazing  on  cheatgrass  range  show  a  character- 
istic pattern.   Very  early  in  the  spring  when  cheatgrass  is  short,  cattle  graze  almost 
entirely  upon  the  bluegrass  and  wheatgrass  when  these  species  are  present.   As  cheat - 
grass  becomes  more  available,  the  animals  graze  it  heavily.   Cattle  tend  to  graze  onl\' 
the  lower  leaves  of  floral  tillers.   If  the  grazing  pressure  is  sufficiently  heavy, 
they  eat  the  entire  plant.   Bluegrass  is  usually  avoided  when  the  plant  is  in  anthesis. 
Although  cheatgrass  is  utilized  throughout  the  season  from  April  tiirough  November,  other 
plants  are  definitely  preferred  when  cheatgrass  has  dried. 

Early  grazing  and  precipitation  coming  in  late  May  and  June  favor  the  development 
of  Russian  thistle.   Under  these  conditions,  considerable  thistle  will  be  present  on 
cheatgrass  range.   This  species  is  heavily  utilized  throughout  the  summer  and  early 
fall  before  the  plant  becomes  dry  and  spiny  (fig-  7B1  .  It  provides  a  source  of  protein 
when  other  species  are  normally  very  low  in  protein. 

Figure   7.—Forhs,    such  as  goatsbeard   (A)   and  especially  Russian   thistle    (B),    are 
consumed  by   the  cattle   up   to   the  stage  of  maturity  shoim   herr .      Both  plants  are 
about  20  inches    (50  am)    in  height. 
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Western  hawksbeard  and  goats -beard  are  found  in  some  years  on  this  range,  and  the 
initial  growth  in  the  late  spring  and  regrowth  in  late  summer  are  readily  eaten  by 
cattle.   Like  Russian  thistle,  they  are  considered  good  forage,  but  contribute  little 
to  total  dietary  intake. 

On  cheatgrass  range,  generally  two  types  of  operations  exist.  The  principal  type 
on  most  of  the  range  is  a  cow-calf  system,  but  some  operators  run  only  yearlings.   An 
abbreviated  list  of  nutrient  requirements  is  given  in  table  8,  and  nutrient  concentra- 
tions are  discussed  in  relation  to  animal  requirements  when  known.   Additional  informa- 
tion on  animal  requirements  will  be  found  in  the  National  Academy  of  Science  publicatio 
(NAS-NRC  1976)  from  which  table  8  data  are  taken.   The  following  information  considers 
total  mineral  analysis  in  the  clipped  forage  and  does  not  evaluate  animal  preference 
for  given  species  or  plant  parts. 

Nitrogen 

Total  N  concentrations  (fig.  8)  in  the  seven  grass  species  were  greater  than  3 
percent  (approx.  19  percent  protein)  in  April,  but  declined  rapidly,  and  by  August  all 
species  contained  less  than  1  percent  N  (6.2  percent  crude  protein).   Desert  wheat grass 
in  one  March  sample  had  more  than  4  percent  N,  as  did  cheatgrass  in  an  April  sample. 
However,  cheatgrass,  an  annual,  dries  rapidly,  and  many  of  the  samples  taken  after  June 
contained  less  than  1  percent  N.   In  spite  of  the  fact  that  leaves  of  Sandberg's  blue- 
grass  dry  comparatively  early,  the  N  content  remained  higher  than  that  of  cheatgrass. 

Lactating  cows  require  at  least  9.2  percent  protein  (1.47  percent  N)  in  the  daily 
ration  to  maintain  body  weight.   Thus,  a  crude  protein  supplementation  program  should 
be  considered  for  lactating  cows  grazing  cheatgrass  after  mid-June.   Growing  steers 
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Talile  S  .  --Nutrient  requirements  for  beef  cattle   ('Abbreviated  from  NAS-NRC  VJ7G) 


Bod\'    :   Average   :     Daily  dry    :    Total    :  Digestible   : 
weight    : daily  gain  :   matter/animal  :   protein   :    protein    :    Ca 


■  hi Fercent- 

G ROW INC  STEERS 


200  0.00 

.50 
.70 

400  .00 

1  .00 


5 .  5 

8.5 

4.8 

0 

18 

0.18 

S.8 

9.9 

6 .  0 

24 

T  1 

5.7 

10.8 

b.8 

52 

.28 

5.9 

8.5 

4.8 

18 

.18 

9.4 

5.  7 

5.7 

~>  ~i 

.21 

GROWING  HEIFERS 


200  .00 

.50 
.70 

400  .00 

.50 
.70 


5.5 

8.5 

4.9 

.18 

.18 

6.0 

9.6 

5.8 

.25 

T  -) 

b.O 

10.2 

6.5 

.  50 

.27 

5.9 

8.5 

4.8 

.18 

.18 

8.5 

8.8 

5.1 

.18 

.  18 

8.7 

9.0 

5.5 

.18 

.  18 

DRY  PREGNANT  MATURE  COWS 

400           .4              6.1-7.5      5.9          2.8  .18  .18 

500           .4              7.2-8.6      5.9          2.8  .18  .18 

600           .4              8.5-9.7      5.9          2.8  .18  .18 


EACTATING  COWS 

400  -  8.8  9.2  5.4         .28         .28 

500  -  9.8  9.2  5.4         .28         .28 

E.stimated  recjirircnients  for  all  animals: 

Mg  -  12  to  50  mg/kg  of  body  wt/day        Na  -  0.05  percent  of  ration  drv  matter 
S   -  0.1  percent  of  ration  dr\'  matter      K  -  0.6-0.8  jiercent  of  ration  ^.Xrx   matter 
Mn  -  1  to  10  mg/kg  of  ration  dry  matter    2n  -  20  to  50  mg./kg  of  ration  tlr\'  matter 
Fe  -  SO  to  100  mg/kg  of  ration  dr>-  matter  Cu  -  4  mg/kg  of  ration  ilr\-  matter  when 

feed  is  low  in  Mo  and  sulfate 

and  heifers  weighing  660  lb  (500  kg)  and  gaining  2.0  lb  per  dav  (0.9  kg/day)  recjuire 
10.0  percent  protein  (1.6  percent  N)  in  tlie  ration.   'I'he  same  animals.  Just  to  maintain 
their  weight,  require  8.6  percent  protein  (1.4  percent  N)  in  t  lie  ration  (NAS-NRC  19':'6). 
The  N  curves  show  that  the  maintenance  level  for  gi'owing  steers  and  heifers  is  readied 
in  June  and  July  for  most  species,  and  after  Jul\'  N  is  deficient  for  maintaining  year- 
lings and  lactating  cows. 
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Phosphorus 

Total  plant  P  (fig.  9)  concentration  trends  follow  a  pattern  very  similar  to  total 
N,  but  values  are  lower  by  a  factor  of  approximately  10.   NAS-NRC  lists  a  requirement 
of  0.18  percent  P  in  the  forage  for  maintenance  of  growing  steers  and  heifers,  and 
higher  concentrations  are  needed  if  animals  are  fed  to  gain  weight.   The  same  concentra- 
tion is  required  for  dry  pregnant  cows,  but  cows  with  calves  require  forage  containing 
0.28  percent  P. 

In  most  species  and  in  most  years,  the  P  values  we  found  were  below  the  recommended 
values  by  the  end  of  June.   Robertson  and  Torell  (1958),  in  northeastern  Nevada,  found 
that  cheatgrass,  basin  wildrye,  Sandberg's  bluegrass,  and  needle-and-thread  grass  had 
phosphorus  contents  of  0.27,  0.09,  0.11,  and  0.17  percent  in  the  mature  stage,  respec- 
tively.  Other  workers  have  also  found  similar  low  contents  after  maturity. 

Calcium  and  Ca:P  Ratio 

A  better  measure  of  the  P  requirement  is  the  Ca:P  (percent/percent)  ratio.  The 
ratios  should  be  2 : 1  under  normal  circumstances,  but  can  be  as  wide  as  7 : 1  when  suf- 
ficient vitamin  D  is  present. 

Calcium  concentration  values  (fig.  10)  for  the  seven  species,  when  plotted  over 
time,  were  extremely  erratic  except  for  cheatgrass.   As  a  consequence,  the  Ca:P  ratios 
were  somewhat  erratic,  but  did  show  an  increase  over  time  (fig.  11).   Surprisingly, 
cheatgrass  maintained  a  ratio  of  less  than  7:1  through  October.   Desert  wheatgrass 
maintained  the  lowest  ratio  of  all  species.   The  other  species  exceeded  the  7:1  ratio 
before  the  end  of  the  grazing  season  in  October. 

In  a  112-day  study  on  Saylor  Creek  range,  yearling  cattle  supplemented  with  a  trace 
mineral  salt  only  versus  trace  mineral  salt  and  monosodium  phosphate  at  a  ratio  of  2 : 1 
gained  similarly,  indicating  phosphorus  was  not  deficient  (Olsen  1971).   Lactating  cows, 
on  the  other  hand,  have  a  higher  P  requirement  and  may  respond  to  P  supplementation. 

Sulfur  and  N:S  Ratio 

The  amount  of  S  found  in  the  seven  grass  species  varied  from  approximately  0.25 
to  less  than  0.05  percent  (fig.  12).   The  level  decreased  rapidly  from  April  through 
June.   Cheatgrass  was  particularly  low  in  S  after  reaching  maturity,  while  needle-and- 
thread  grass,  streambank  wheatgrass,  and  desert  wheatgrass  appeared  to  maintain  levels 
near  the  required  0.1  percent  S  (NAS-NRC  1976). 

Allaway  (1969)  states  that  the  S  requirement  for  ruminant  animals  is  best  expressed 
in  terms  of  the  N:S  ratio  of  forage,  and  that  the  optimum  should  be  10:1  to  15:1.  These 
ratios  for  the  seven  grass  species  are  shown  in  figure  13. 

The  N:S  ratios  exhibited  considerable  scatter  in  cheatgrass,  bluegrass,  and  wildrye. 
With  the  exception  of  bluegrass,  there  was  a  definite  narrowing  trend  in  the  ratio  as 
the  season  progressed.   The  individual  N  and  S  curves  show  that  N  levels  continued  to 
decrease  while  S  levels  tended  to  level;  this  has  the  effect  of  narrowing  the  ratio. 

We  assume  that  when  the  ratio  is  wider  or  narrower  than  given  by  Allaway  (19()9) 
the  animal  may  have  a  reduced  protein  conversion  efficiency  and  may  also  suffer  nutri- 
tional problems.   The  data  indicate  that  for  some  species  (desert  wheatgrass,  needle- 
and-thread  grass,  and  bottlebrush  squirreltai 1 )  the  N:S  ratios  are  narrower  than 
presumed  adequate  before  the  end  of  the  grazing  season.   However,  the  bulk  of  tiie  forage 
on  the  experimental  range  is  cheatgrass,  which  has  ratios  within  the  desired  range 
throughout  the  grazing  season.   Therefore,  we  conclude  that  on  cheatgrass  ranges,  nutri- 
tional problems  associated  with  N:S  ratios  are  not  serious,  but  the  low  levels  of  N  and 
S  by  themselves  are  the  biggest  problem. 
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Potassium 

The  K  concentrations  (fig.  14)  in  the  early  spring  varied  considerably  between 
species.   Basin  wildrye  had  values  in  excess  of  4  percent  K,  while  ncedle-and-thrcad 
grass  had  less  than  2  percent  K.   The  decrease  in  the  K  level  is  rapid,  and  by  late 
July  most  species  had  values  less  than  1  percent  K. 

Lawton  and  Cook  (1954),  in  their  review  of  the  role  of  potassium  in  plant  nutri- 
tion, indicate  that  most  common  grasses  contain  between  0.8  and  1.5  percent  K.   Our 
values  exceed  this  range  during  the  early  part  of  the  season,  decline  to  levels  within 
the  range,  and  later  in  some  species  fall  to  much  lower  levels.   The  high  K  values  en- 
countered in  early  spring  undoubtedly  contribute  to  the  occurrence  of  grass  tetany, 
especially  in  lactating  cows,  following  turnout  to  spring  range  (Grunes  and  others 
1970).   Cattle,  however,  have  not  experienced  tetany  problems  at  Saylor  Creek. 

NAS-NRC  (1976)  states  that  the  potassium  requirements  for  beef  cattle  liave  not 
been  critically  measured,  but  indicates  the  optimum  level  for  growing  and  finisliing 
steers  is  between  0.6  and  0.8  percent  K  of  the  ration. 

Our  data  strongly  suggest  that  while  some  of  these  range  grasses  contain  excessive 
K  in  early  spring,  K  deficiencies  could  occur  after  July. 


Magnesium 

The  Mg  concentrations  (fig.  15),  like  Ca,  were  extremely  erratic.   Only  cheatgrass 
1  showed  a  decline  in  magnesium  levels  witli  advances  in  season.   Tlic  majority  of  the  for- 
age samples  had  concentrations  between  0.1  and  0.2  percent  Mg. 

Magnesium  requirements  of  lactating  beef  cows  have  been  determined  as  approximately 
0.18  percent  of  dry  matter  (NAS-NRC  1976). 

Allaway  (1969)  reported  that  in  many  cases  of  grass  tetany,  feeds  have  contained 
less  than  0.2  percent  Mg;  the  ratio  K:(Ca  +  Mg) ,  on  an  equivalence  basis,  has  been  wide; 
and  concentrations  of  citric,  aconitic,  or  both  acids  have  been  greater  than  1  percent 
in  the  plants.   Kemp  and  't  Mart  (1957)  explain  that  when  the  ratio  is  less  than  2.2:1 
there  are  few  incidences  of  grass  tetany.   They  indicate  the  cool  weather  in  the  spring 
decreases  plant  uptake  of  K,  while  the  uptake  of  Ca  and  Mg  remains  constant,  thus  caus- 
ing the  ratio  to  narrow. 

The  K:(Ca  +  Mg)  ratio,  calculated  on  an  equivalent  basis,  is  shown  in  figure  16. 
Basin  wildrye  and  desert  wheatgrass  are  the  two  species  that  have  ratios  greater  than 
2.2:1.   Wildrye  exceeded  the  2.2:1  value  for  much  of  the  spring  period,  but  the  amount 
of  this  species  on  the  range  is  small  and  thus  should  not  present  any  nutritional 
problems.   The  general  trend  is  a  narrowing  of  the  ratio  with  advance  in  season. 


Sodium 

No  relation  was  found  between  Na  concentration  and  date  for  any  of  the  seven  grass 
species  (fig.  17). 

Animal  requirements  are  reported  to  be  about  500  ppm  Na  (NAS-NRC  1976)  which  is 
greater  than  the  levels  found  in  these  forages.  Sodium  chloride  (NaCl) ,  however,  is 
generally  provided  for  animals  as  a  part  of  normal  management  operations. 
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Zinc 

Decreasing  trends  in  forage  Zn  concentration  (fig.  18)  are  noted  as  the  forage 
matures  and  concentrations  are  in  the  20  to  30  ppm  Zn  (NRC-recommended  levels)  range 
for  a  brief  period  in  early  spring. 

Mayland  (1975)  noted  the  trends  of  Zn,  as  reported  here,  were  declining  below 
adequate  levels  as  forage  matured;  supplemental  zinc  was  fed  to  cows  and  calves.   Bot 
the  cows  and  calves  showed  increased  weight  gains  due  to  the  added  zinc. 

The  Zn:Ca  and  Zn:Cu  values  are  shown  in  figures  19  and  20,  respectively.   These 
ratios  are  of  interest  because  these  ions  may  compete  for  absorption  sites  in  the  ani 
There  do  not  appear  to  be  any  significant  trends  with  date. 

Manganese 

Manganese  concentrations  (fig.  21)  varied  wiaelv  between  species  and  dates.  Bas 
wildrye  contained  the  lowest  Mn  concentrations  of  the  seven  species  analyzed. 

Beef  cattle  requirements  range  from  1  to  10  ppm  Mn  in  the  forage  (NAS-NRC  1976). 
The  levels  reported  here  are  far  in  excess  of  the  requirement,  and  thus  Mn  should  not 
be  deficient  in  cattle  diets  on  cheatgrass  range. 

Copper 

Copper  levels  (figure  22)  exhibited  downward  trends  with  increased  forage  maturi 
in  five  of  the  seven  species.  Copper  content  in  cheatgrass  and  streambank  wheatgrass 
was  not  correlated  with  maturity. 

NAS-NRC  (1976)  lists  the  Cu  requirement  for  beef  cattle  at  4  ppm  Cu  in  the  ratio 
dry  matter.  Only  a  few  samples  contained  less  than  4  ppm  Cu,  therefore  Cu  should  not 
be  deficient  in  the  diet  of  animals  grazing  cheatgrass  ranges.  If  molybdenum  (Mo)  va 
ues  are  high  (>6  ppm),  then  dietary  Cu  values  should  be  increased  2  to  3  times  because 
of  the  depression  in  Cu  absorption  by  Mo.  The  Mo  values  of  a  few  random  forage  sampl 
from  this  area  indicated  <3  ppm  Mo.  Therefore,  Cu  values  in  the  forage  grown  on  this 
range  are  considered  adequate  for  beef  cattle. 

Iron 

The  concentrations  of  Fe  (figure  23)  in  forage  samples  from  Saylor  Creek  far 
exceeded  the  levels  normally  expected  in  plant  tissue  grown  in  dust-free  environments 
However,  values  of  this  magnitude  are  often  encountered  in  range  plants.   The  large 
values  are  attributed,  in  part,  to  soil  contamination,  which  is  verified  by  plotting 
the  Fe  concentration  against  the  percent  NDF-ash  (insoluble  silica  and  soil  contamina 
tion) .   Although  there  is  considerable  scatter  to  the  points,  it  is  apparent  that 
significant  increases  in  Fe  levels  accompany  increased  NDF-ash.   These  plots  are  show 
in  figure  24. 

Forage  Quality  Measures 

Forage  quality  can  be  defined  in  many  ways,  but  it  usually  is  related  to  some 
animal  response,  such  as  feed  intake,  weight  gain,  or  production  of  milk  or  wool 
(Dietz  1970) .   Nutritive  composition  and  digestibility  also  provide  measures  of  forage 
quality. 
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A  newer  method,  rapidly  gaining  favor,  determines  cell  wall  residues  (total  of 
lignin,  cellulose,  and  hemicellulose)  to  replace  the  crude  fiber  analysis  (Van  Soest 
1966) .   These  residues  are  considered  to  be  chemical  components  that  cannot  be  com- 
pletely digested.   The  cell  wall  constituents  are  separated  into  components  that  are: 
(1)  insoluble  in  a  neutral  detergent  solution  (neutral  detergent  fiber,  NDF) ,  (2) 
soluble  in  an  acid  detergent  solution  (hemicellulose),  and  (3)  insoluble  in  an  acid 
detergent  solution  (acid  detergent  fiber,  ADF,  which  includes  cellulose,  lignin, 
lignified  nitrogen  compounds,  and  silica) .   The  cell  contents  are  soluble  in  neutral 
detergent  solution.   The  method  separates  the  totally  digestible  from  the  partially 
digestible  and  indigestible  components  of  forage. 

The  method  of  Van  Soest  in  Goering  and  Van  Soest  (1970)  leads  to  an  estimate  of 
the  percent  digestible  dry  matter.   We  present  the  data  for  NDF  (a  measure  of  the  tota 
fiber),  NDF-ash  (a  measure  of  plant  silica  plus  any  soil  contamination  present),  DCW 
(cell  wall  digestibility),  DCW-ash  free  (organic  cell  wall  digestibility,  and  TDDM  (tr 
dry  matter  digestibility  corrected  for  ash). 

Tlie  percent  NDF  (figure  25)  in  all  species  increases  with  plant  maturity.  The  ra 
of  increase  between  species  is  quite  similar,  but  the  initial  and  final  percentages  va 
Basin  wildrye  and  needle-and-thread  grass  had  the  highest  percentage  of  NDF  in  the  ear 
spring,  and  cheat grass  appeared  to  have  the  highest  percentage  at  maturity.  ■ 

The  percent  NDF-ash  (figure  26)  did  not  show  any  relationship  with  sampling  date. 
The  scatter  of  values  indicates  that  some  species--bluegrass ,  needle-and-thread  grass, 
squirreltail ,  and  streambank  wheatgrass-accumulate  more  silica,  collect  more  soil  dust 
or  both,  than  the  others.   Soil  contamination  is  important  because  animals  may  ingest 
considerable  minerals.   Mayland  and  others  (1975)  reported  on  the  amount  of  soil  in- 
gested by  cattle  at  the  Saylor  Creek  Experimental  Range.   They  found  that  from  0.1  to 
1.5  kg,  with  a  median  of  0.5  kg,  soil  was  ingested  per  animal-day  on  this  cheatgrass 
range. 

Cell  wall  content  (fig.  27  and  28)  decreased  with  increased  maturity,  while  NDF 
increased  in  the  forage.   Cheatgrass  digestibility  (cell  wall  content)  values  were 
erratic  and  no  trends  with  plant  maturity  can  be  shown,  even  though  the  NDF  percentage 
was  correlated  with  plant  maturity.   The  rate  of  decrease  in  cell  wall  digestibility 
was  greatest  in  basin  wildrye,  followed  by  desert  wheatgrass,  streambank  wheatgrass, 
squirreltail,  needle-and-thread  grass,  and  bluegrass.   The  implications  are  that  these 
species  become  increasingly  indigestible  with  increasing  maturity.   By  September,  all 
species  except  cheatgrass  and  bluegrass  were  less  than  50  percent  digestible. 

The  estimated  true  dry  matter  digestibility  (fig.  29)  is  a  measure  of  the  digest- 
ible cell  contents  and  digestible  lignified  cell  wall  corrected  for  silica  content.   Th' 
NDF  percentage  subtracted  from  100  gives  the  cellular  content.   The  digestible  cell  wa 
percentage  (100-NDF  percentage)  minus  the  silica  correction  gives  the  TDDM.   Expected 
apparent  dry  matter  digestibilities  or  total  digestible  nutrients  (TDN)  are  about  13 
units  lower  than  TDDM  due  to  the  loss  of  metabolic  matter  in  the  feces. 

The  graphs  show  that  the  TDDM  is  greater  than  DCW.   The  TDDM  follows  patterns 
similar  to  DCW,  and  the  rates  of  decrease  are  similar.   Again,  by  September  most  speci 
were  less  than  60  percent  digestible.   In  another  study,  dry  matter  digestibilities 
of  72,  63,  and  65  were  determined  for  mid-July,  mid-August,  and  early  September,  res- 
pectively, using  esophageal  fistulated  yearling  cattle  and  lignin  and  chromic  oxide 
techniques  (Olsen  1971).   The  higher  digestion  coefficient  for  mid-July  may  be  attri- 
buted to  considerable  quantities  of  green  Russian  thistle  being  grazed  during  this 
period.   The  green  thistle  is  readily  eaten  and  is  quite  nutritious  (table  9).   The 
in  vivo  data  also  reflect  animal  preferences  for  forage  species  and  plant  parts, 
while  our  data  are  for  total  top  growth. 
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Table  9 .--Comparison  of  crude  protein,    aaloiim,    and  phosphorus  conaentrations  in 
cheatgrass    (Brte) ,   Sandberg's  bluegrass    (Posa) ,   and  Russian  thistle 
(Saka)   on  each  of  four  harvest  dates^ 


Crude  Protein 

Calcium 

Phosphorus 

Date 

•  Brte 

•  Posa 

•  Saka 

•  Brte  • 

Posa  • 

Saka 

Brte 

•  Posa 

Sake 

—Percent- 



7-3-69 

2.5 

2.9 

18.4 

0.34 

0.24 

2.2 

0.04 

0.04 

0.28 

8-2-69 

3.0 

2.1 

16.7 

.37 

.14 

2.0 

.06 

.03 

.16 

8-28-69 

3.5 

2.2 

15.2 

.28 

.12 

1.5 

.05 

.02 

.17 

10-3-69 

2.8 

2.1 

7.0 

.26 

.11 

1.3 

.03 

.02 

.17 

^From  M.S.  thesis,  Olsen,  T.  E.,  Univ.  Idaho  1971 


Animal  Responses 

Despite  the  many  negative  features  of  cheatgrass  range,  including  early  maturity 
generally  low  yields,  and  high  fire  hazard,  it  serves  as  a  valuable  forage  resource 
in  the  western  United  States.   This  was  shown  by  Murray  (1971)  and  Murray  and  Klemmed 
(1968) ,  who  reported  details  of  sheep  and  cattle  grazing  studies  on  the  Saylor  Creek 
Experimental  Range. 

Daily  weight  gains  by  yearling  cattle  stocked  at  several  intensities  during  earl 
spring,  late  spring,  summer,  and  fall  seasons,  are  given  in  figure  30.   As  in  most 
grazing  intensity  studies,  individual  performance  declined  as  stocking  rate  increased 
On  cheatgrass  range,  individual  weight  gains  were  most  sensitive  to  changes  in  stock- 
ing rates  in  early  and  late  spring,  corresponding  to  the  green  feed  period. 

Yearling  cattle  weights  over  the  entire  grazing  period  are  shown  in  figure  31. 
These  data  represent  weight  gains  by  cattle  stocked  at  all  experimental  levels  from 
1961  through  1968.   Differences  in  weight  gain  are  attributed  to  differences  in  the 
quantity  and  quality  of  forage,  stocking  rates,  and  quality  of  cattle  provided  by  the 
different  ranchers. 


Five  years  of  weight  gain  data  are  shown  in  figure  32  for  cows  and  calves.   Cows 
in  the  1974,  1975,  and  1976  studies  received  supplemental  crude  protein,  phosphorus, 
and  sulfur  during  the  mid-June  to  mid-October  period;  thus  their  performance  would  be 
better  than  that  expected  from  unsupplemented  animals.   First-calf  heifers  (1972  and 
1973)  did  not  gain  weight  beyond  the  green  feed  period,  nor  did  their  calves  do  as  we 
as  did  the  animals  in  other  years.   Forage  quality  was  not  high  enough  for  the  pregna 
and  growing  young  animals.   Also  of  importance  is  the  decrease  in  rate  of  gain  by  cal 
after  about  October  1.   Ranchers  would  be  advised  to  place  calves  on  higher  quality 
feed  at  this  time  if  rate  of  gain  is  to  be  continued. 
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ANIMAL  DAYS  USE  PER  ACRE 

F::Ture   30.— Daily  weight  gains  by  ye,xpling  cattle  at  several  stocking  intensities  o?i 
the  Sai/lor  Creek  Experijnental  Range  during  early  spring    (April   1-May  S) ,    late  spring 
(May  e'-Jime  9),    simmer   (June   10-Sept.    1),   and  fall    (Sept.    E-Oct.    27).      These  data 
or e^ means  of  5  years  of  study  results    (1964   through  1968).     Uotr  d i ffci'^yi.-r.-    hi   th..: 

stoa ki n ■  7  rate   sea Ic. 


TO 

0 

01 

CI 

(/) 

— 

■n 

TO 

CD 
> 

c 
3 
0 
CL 

s_^ 

U 

d) 

m 

D 

■n 

< 

650 

600 

550 

/: 

500 

;/ 

/ 

450 
/inn 

/ 
./ 

/! 

Apr  May   Jun  Jul   Aug  Sep  Oct  N.  w 

Hgure  31.— Yearling  cattle  weights  adjusted  to  a  400-pound  weight  over  the  period  1964 
through  1968  at  the  Saylor  Creek  Experimental  Range.      Additional  data  represented  by 
0  and   A  (1969  and  1970,   respectively)   are  shown,    but  not  included  in  the  average 
response  curve. 
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Figure  22. — Cow  and  calf  weights  for  5  years  at  the  Saylov  Cveek  Experimental  Range. 
Animal  ownership  and  age  of  cows  varied.      Cows  in  1972  and  1973  were  first-calf 
heifers.      Means  are  for  100  to  120  animals  each  year.      Note   that  cattle   in  1974, 
197 by    and  1976  received  supplemental  crude  protein,   phosphorus   and  sulfur  during 
the  mid-June  through  mid-October  period. 


CONCLUSIONS  AND  RECOMMENDATIONS 


In  many  areas  of  the  semiarid  West,  the  annual  cheatgrass  has  replaced  the 
longer  lived  grasses.   Normally,  cheatgrass  germinates  in  the  fall,  overwinters, 
grows  rapidly  during  the  spring,  and  matures  by  mid-June.   Forage  quality  declines 
as  the  forage  matures.   Consequently,  cattle  grazing  on  these  ranges  are  consuming 
forage  of  poor  quality  over  most  of  the  grazing  season  (June  to  November) .  Vie 
have  shown  in  this  study  that  protein  content  and  many  minerals  declined  to  levels 
belovsr  that  recommended  for  optimum  livestock  performance. 

On  private  cheatgrass  range,  cattle  should  be  supplemented  with  both  energy  and 
crude  protein  as  the  forage  matures  (fig.  33).  Supplementation,  except  for  salting,  is 
not  allowed  on  public  rangelands.   Supplementing  crude  protein  for  economic  production 
in  growing  animals  has  been  shown  to  be  impractical  on  desert  wheatgrass  beyond  mid- 
August  at  Squaw  Butte,  south-central  Oregon  (Turner  and  Raleigh  1977).   Beyond  that 
point  an  increased  supplement  level  inhibited  forage  intake.   Therefore,  both  energy 
and  crude  protein  should  be  added  to  cattle  diets  from  mid-June  to  mid-August  or  longe 
if  cattle  are  to  continue  to  maintain  good  gains.   Those  interested  in  finishing 
animals  on  range  should  consult  the  paper  by  Turner  and  Raleigh  (1977). 
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Figure  ZS.- Supplementing  heef  cattle  diets  with  crude  protein,    P,   S,   and  Zn  on 

oheatgrass  range. 


Phosphorus  levels  decline  rapidly  and  the  Ca :  P  ratio  escalates  cjuicUv  mi  uianv 
iant  species.   However,  in  cheatgrass,  which  is  predominant  on  inanv  ranges   the   ' 

level  IS  lower,  but  the  Ca:P  ratio  is  within  the  recommended  allowance"  Where 
.,eeded.  P  can  be  added  to  the  diet  in  salt  blocks,  however,  satisfactory-  intake  mav 
jot  be  achieved;  so  it  is  better  to  use  other  more  palatable  carriers  such  as  molasses 
ijicks,  cottonseed,  or  soybean  meals. 
ii 

j    Levels  of  all  trace  minerals,  except  Zn,  are  adequate  for  all  classes  of  cattle 
upp  emental  Zn  added  to  cow  and  calf  diets  at  Saylor  Creek  hxper  i  n,c  ntai  Ran^e 
esulted  in  better  gains  than  those  made  by  nonsupplemented  animals.   This  su^M.ests 
;nat  Zn  should  be  added  to  the  diet  when  forage  Zn  levels  drop  bHou  10  npm  winch 
n  cheatgrass  range  occurs  usually  by  August  1.   The  sup])lementa 1  Zn  1 evel s ' ou-ht  to 
rovide  500  mg  Zn  per  cow-day  and  can  be  provided  in  salt  (May! and,  unpublished). 

[    Calves,  yearlings,  and  cows  do  well  on  cheatgrass  range  in  the  earlv  spring 
p  early  summer  period.   First-calf  heifers,  which  have  not  attained  full  orowth 
I3quire  better  feed  after  this  period.   Nutritional  intake  is  not  sufficient  to 
aintam  the  fetus,  calf,  and  herself  when  the  forage  is  drv.   Calf  gains  are 
onsiderably  reduced  by  October  1.   First-calf  heifers  should  he  placed  on  better 
isture  by  July,  while  calves  of  mature  cows  would  benefit  from  better  feed  about 
id-beptember  (see  also  Turner  and  Raleigh  1977). 

Increasing  the  stocking  rate  use  decreases  individual  dailv  gains.   The  decline 

.idaily  gam  is  most  rapid  in  the  early  spring  when  the  forage  contains  hi  Hi 

pisture  and  is  not  always  abundant.   To  obtain  maximum  dailv  t>ains  ^^^,^^r   animals 

lould  be  grazed  than  when  optimizing  for  gains  per  acre.  Because  of  the  extreme 
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variability  in  cheatgrass  yield  between  seasons  and  years,  recommending  grazing  rates 
is  impractical.   However,  removal  of  about  60  percent  of  the  available  forage  will 
tend  to  optimize  gains  per  acre. 

The  use  of  nitrogen  fertilizers  to  increase  yields  and/or  protein  contents  of 
forage  on  cheatgrass  range  is  not  economical.   Although,  in  some  years  nitrogen  addi- 
tions increase  yields  up  to  4  times  those  of  nonfertilized  range,  the  cost  of  the 
fertilizer  is  prohibitive.   In  most  cases,  direct  supplementation  of  energy,  protein, 
and  minerals  is  more  practical  and  cheaper  than  attempting  to  improve  the  forage  through 
fertilization. 

Predicting  forage  yields  in  advance  of  the  grazing  season  is  desirable.   On  many 
perennial  grass  ranges,  this  can  be  done  using  the  accumulated  precipitation  over  the 
previous  winter  (Sneva  1977).   However,  cheatgrass  responds  more  to  current  precipita- 
tion and  temperature.   Our  prediction  equation  reflects  this  fact,  because  April  and 
May  precipitation  and  temperature  are  included.   Use  of  the  equation  allows  one  to 
estimate  the  quantity  of  the  forage  without  extensive  harvesting. 

Adjusting  animal  numbers  to  properly  utilize  and  optimize  gains  is  not  readily 
accomplished,  because  the  rancher  in  a  good  year  has  too  few  animals  while  in  a  poor 
year  he  has  too  many.   In  those  good  years,  cheatgrass  range  should  be  used  to  relieve 
pressure  from  other  ranges  in  poor  condition.   When  forage  production  is  lower  than 
needed  on  cheatgrass  range,  animals  should  be  placed  on  other  ranges. 

Soil  moisture  fluctuates  with  time  and  depth.   The  nature  of  the  time-depth 
curves  suggests  that  deeper  rooted  plants  would  benefit  from  greater  moisture  lower 
in  the  profile  that  persists  over  a  longer  period. 


PUBLICATIONS  CITED 


Allaway,  W.  H. 

1969.   Trends  in  the  mineral  composition  of  feeds.   Proc.  Cornell  Nutr.  Conf.  for 
FeedManuf.,  Oct.  21-23,  Buffalo,  N.Y. ,  p.  12-16. 
Allison,  L.  E.,  and  D.  C.  Moodie. 

1965.   Carbonate.  In:   Methods  of  soil  analysis,  part  2.   Chemical  and  microbiological 
properties,  p.  1370-1392.   C.  A.  Black  and  others,  eds.   Agron.  9,  Am.  Soc.  Agron. , 
Madison,  Wis. 
Bards  ley,  C.  E.,  and  J.  D.  Lancaster. 

1965.   Sulfur.  In:    Methods  of  soil  analysis  part  2.   Chemical  and  microbiological 
properties,  p.  1102-1116.   C.  A.  Black  and  others,  eds.   Agron.  9,  Am.  Soc.  Agron., 
Madison,  Wis. 
Bliss,  C.  I. 

1958.   Periodic  regression  in  biology  and  climatology.  Conn.  Agric.  Exp.  Stn.  Bull. 
615.   New  Haven. 
Bohn,  H.  L.,  and  M.  M.  Aba-Husayn. 

1971.  Manganese,  iron,  copper,  and  zinc  concentrations  of  Sporobolus  wrightii- 
alkaline  soils.   Soil  Sci.  112:348-350. 
Brownell,  P.  F. 

1965.   Sodium  as  an  essential  micronutrient  element  for  a  higher  plant  [AtripZex 
vesioarid)  .      Plant  Physiol.  40:460-468. 


52 


ook ,  C.    W.,  and  1..  H.  Harris. 
19S('.   The  nutritive  value  of  raiii^e  foraj;e  as  afl'ei"tetl  b\'  vej:^et  a  t  i  on  t>'pe,  site,  and 
stav',es  of  maturit)'.   Utah  Arj-ic.  I'xp.  Stn.,  lUill.  3-M  . 
rampton,  1: .  W.  ,  and  1.  \\ .    C.    daekson. 
19  14.   Seasonal  variation  in  ehemical  eomposition  of  pasture  Iierbage  and  tlie  relatit^n 
to  its  d  i  t^est  i  hi  1  ity  by  steers  antl  sheep  (I'asture  Studies  -  XWIJ.   .1.  Aniiii.  Se  i  . 
5 : 333  -  339 . 
iet:,  1).  R. 
1970.   Definition  and  components  of  forage  tjuality,  Itr.    Range  and  Wildlife  lial>itat 

F.vaiuat  ion--a  research  symposium,  ]i.  1-9.  USDA-FS  Misc.  Rul)]  .  1147. 
pstein,  R.,  and  W    R.  Stout. 
1931.   The  micronutri ent  cations:  iron,  manganese,  zinc,  and  copper;  their  uptake  by 
plants  from  the  absorlK^d  state.   Soil  Sci.  72:47-{)3. 
ollett,  R.  11.,  and  IV.  L.  bindsay. 
1970.   Profile  distribution  of  zinc,  iron,  manganese,  and  copper  in  Colorado.   ("olo. 
State  Univ.  Hxp.  Stn.  Tech.  Bull.  110,  79  p.      k'ort  Collins, 
oering,  11.  K.,  and  1'.  J.  Van  Soest. 
1970.   Forage  fiber  analyses  (apparatus,  reagents,  procedures,  and  some  ajipl icat ions ) 
U.S.  Dep  Agric,  Agric.  Ilandb.  379,  20  p. 
runes,  1).  L.,  P.  R.  Stout,  and  J.  R.  Brownell. 
1970.   Grass  tetan>-  in  ruminants.   Adv.  Agron .  22:331-374. 
said,  W.  R. 

1965.   Calcium  and  magnesium.  In:    Methods  of  soil  analysis,  part  2.   Chemical  and 
microbiological  jiropert ies ,  p.  999-1010.   C.  A.  Black  and  others,  eds.,  Agron.  9, 
Am.  Soc.  Agron.,  Madison,  Wis. 
tchcock,  C.  L. ,  and  A.  Cronqui st . 

jl975.   Flora  of  the  Pacific  Northwest.  730  p.   llniv.  Wash.  Press,  Seattle, 
lill,  A.  C. 

ill965.   Cheatgrass--a  persistent  homesteader.  U.S.  Hep.  Int.,  Bur.  Land  Manage. 
I   Cheatgrass  S>'mp.  Proc .  p.  20-20. 
hll,  A.  C,  Jr.,  and  J.  R.  Pechanec . 
jl947.   Cheatgrass- -a  challenge  to  range  research.   J.  For.  45:555-304. 

Imp,  A. ,  and  M.  L.  't  Hart. 

i|1957.   Grass  tetany  in  grazing  milking  cows.   Neth.  .1.  Agric.  Sci.  5:4-17. 

l}wton,  K.  ,  and  R.  L.  Cook. 

I|l954.   Potassium  in  plant  nutrition.   Adv.  Agron.  6:253-303. 
lindsay,  W.  L.  ,  and  W.  A.  Norvell. 

|1969.   A  micronutrient  soil  test  for  Zn,  Fe,  Mn ,  and  Cu.      Agron.  Abstr.,  p.  84. 
Hide,  H.  E. ,  and  H.  A.  Powers. 

;jl962.   Upper  Cenozoic  stratigraphy  of  western  Snake  River  Plains,  Idaho.   Geol.  Soc. 

jt  Am.  Bull.  73:1197-1220. 
N'lyland,  H.  F. 

1975.   Zinc  increases  range  cattle  weight  gains.   J.  Anim.  Sci.  41:337  (Abstr.). 
%land,  11.  F.,  A.  R.  Florence,  R.  C.  Roscnau,  V.  A.  Lazar,  and  11.  A.  Turner. 

11975.   Soil  ingestion  on  semiarid  range  as  reflected  by  titanium  anal\'ses  of  feces. 

)  J.  Range  Manage.  28:448-452. 
M'beorge,  W.  T.,  T.  F.  Buehrcr,  and  J.  F.  Breazeale. 

3.935.   Phosphate  availability  in  calcareous  soils:  a  function  of  carbon  dioxide  and 

I  pH.   J.  Am.  Soc.  Agron.  27:330-355. 
M's,  M.  G. 

1954.   Excretion  (recretion)  of  phosphorus  and  other  mineral  elements  under  the 
influence  of  rain.   S.  Afr.  .1.  Sci.  50:167-172. 


Murray,  R.  B. 

1971.   Grazing  capacity,  sheep  gains:  cheatgrass,  bunchgrass  ranges  in  southern  Ida 
J.  Range  Manage.  27:407-410. 
Murray,  R.  B. 

1975.   Effects  oi.  Artemisia  tvidentata   removal  on  mineral  cycling,  190  p.   Ph.D. 
Diss.,  Wash.  State  Univ.,  Pullman. 
Murray,  R.  B.,  and  J.  0.  Klemmedson. 

1968.   Cheatgrass  range  in  southern  Idaho:  seasonal  cattle  gains  and  grazing 
capacities.   J.  Range  Manage.  21:308-313. 
National  Academy  of  Science-National  Research  Council.   1976.   Nutrient  requirements 

of  beef  cattle.  No.  4.  5th  rev.  ed .  Nat.  Acad.  Sci. 
01  sen,  S.  R. ,  and  L.  A.  Dean. 

1965.  Phosphorus.  In:  Methods  of  soil  analysis,  part  2.  Chemical  and  microbiolo^ 
properties,  p.  1035-1049.  C.  A.  Black  and  others,  eds .  Agron.  9,  Am.  Soc .  Agror 
Madison,  Wis. 

Olsen,  T.  E. 

1971.  Utilization  and  supplementation  of  cheatgrass  in  southern  Idaho.  52  p.  M.£ 
Thesis,  Univ.  Idaho. 

Peech,  M. 

1941.   Availability  of  ions  in  light  sandy  soils  as  affected  by  soil  reaction. 
Soil  Sci.  51:473-486. 
Phillips,  T.  G. ,  J.  T.  Sullivan,  M.  E.  Loughlin,  and  V.  G.  Sprague. 

1954.   Chemical  composition  of  some  forage  grasses.   I.   Changes  with  plant  maturit 
Agron.  J.  46:361-369. 
Priest,  T.  W. ,  C.  W.  Case,  J.  E.  Witty,  R.  K.  Preece,  Jr.,  G.  A.  Monroe,  H.  W.  Biggei 
staff,  G.  H.  Logan,  L.  M.  Rasmussen,  and  D.  H.  Webb. 

1972.  Soil  survey  of  Canyon  area,  Idaho.   USDA  Soil  Conserv.  Serv. 
Rasmussen,  W.  W. ,  D.  P.  Moore,  and  L.  A.  Alban. 

1972.   Improvement  of  a  Solonetzic  (slick  spot)  soil  by  deep  plowing,  subsoiling,  a 
amendments.   Soil  Sci.  Soc.  Am,  Proc.  36:137-142. 
Robertson,  J.  H. ,  and  Clark  Torell.  • 

1958.   Phenology  as  related  to  chemical  composition  of  plants  and  to  cattle  gains  c 
summer  ranges  in  Nevada.   Nev.  Agric.  Exp.  Stn.  Bull  (Tech.)  197,  38  p. 
Sneva,  F.  A. 

1977.   Correlations  of  precipitation  and  temperature  with  spring,  regrowth  and  matu 
crested  wheatgrass  yields.   J.  Range  Manage.  30:270-275. 
Stevenson,  F.  J.,  and  G.  H.  Wagner. 

1970.   Chemistry  of  nitrogen  in  soils.  In:    Agricultural  practices  and  Water  Qualit 
p.  125-141.   Ted.  L.  Willrich  and  George  E.  Smith  (eds.)  Iowa  State  Univ.  Press, 
Ames  . 
Tabatabai,  M.  A.,  and  J.  M.  Bremner. 

1972.   Forms  of  sulfur  and  carbon,  nitrogen,  and  sulfur  relationships  in  Iowa  soils 
Soil  Sci.  114:380-386. 
Truog ,  E . 

1946.   Soil  reaction  influence  on  availability  of  plant  nutrients.   Soil  Sci.  Soc. 
Proc.  11:305-308. 
Turner,  H.  A.,  and  R.  J.  Raleigh. 

1977.   Production  of  slaughter  steers  from  forages  in  the  arid  west.   J.  Anim.  Sci. 
44:901-907. 
Van  Soest,  P.  J. 

1966.  Non-nutritive  residues:  a  system  of  analysis  for  the  replacement  of  crude  fi 
J.  Assoc.  Of fie.  Agric.  Chem.  49:546-551. 

Wear,  J.  I. 

1956.   Effect  of  soil  pH  and  calcium  on  uptake  of  zinc  by  plants.   Soil  Sci.  81:311 


54 


APPENDIX  I 

Species  referred  to  in  the  text 


Scientific  Name 


Common  Name 


SHRUBS: 


Artemisia  tridentata   ssp.  tridentata 
Nutt. 


Basin  Bij^  Sagebrusli 


GRASSES: 


Agropyvon  desertorum   Fisch. 

Agropyron  riparium  Schribn.    fi   Smith 

Bromus  tectorum   L. 

Elyrwis  ainereus   Schribn.  f?  Merr. 

Oryzopsis  hymp.noides    (R  F,  S)  Ricker 

Phleum  pratense   L. 

Poa  scwAhergii   Vasey 

Sitanion  hystrix    (Nutt.)  Smith 

Sporobolus   wrightii   Munro 

Stipa  Gomata   Trin.  fi  Rupr. 

Stipa  thurberiana   Piper 


Desert  Wheatgrass 

Streambank  Wheatgrass 

Cheatgrass,  downy  bromc 

Basin  Wildrye 

Indian  Ricegrass 

Timothy 

Sandberg's  Bluegrass 

Bottlebrush  Squirrcltail 

Alkali  Sacaton 

Needle -and -Thread  r,rass 

Thurber's  Needlegrass 


FORBS: 


Antennaria  dimorpha      [Nutt.)  T.  fj  G. 
Astragalus  beakwithii     T.  5  G. 
Astragalus  Icyitiginosus   Dougl. 
Astragalus  purshii   Dougl. 
Caloahortus  nuttallii   T.  f,  G. 
Castilleja  angustifolia   (Nutt.)  G.  Don 
Crepis  acuminata   Nutt. 
Crepis  oeaidentalis   Nutt. 
Desaurainia  pinnata    (Walt.)  Britton 
Erigeron  pumilus   Nutt. 
Eriogonum  ovali folium   Nutt. 
Laotuoa  serriola   L. 
Lomatiujv  foenioulaaeim     v.  macdouglii 

(Coult.  §  Rose)  Cronq. 
Lomatium  tritema.tum   (Pursh)  Coult.  Pt 

Rose 
Microsteris  gracilis    (Hook.)  Greene 
Phlox  hoodii   Rich. 
Phlox  longifolia   Nutt. 
Salsola  kali   L.  v.  tenuifolia   Tausch. 
Sisymbrium  altissimum   L. 
Tragopogon   sp. 


Low  Pussytoes 
Beckwith's  Milk  Vetch 
Speck lepod  locowecd 
Pursh  Locowced 
Segolily,  Mariposa  Lily 
Northwestern  Paintbrush 
Tapertip  Hawksbcard 
Western  Hawksbcard 
Tansy  Mustard 
Low  Flcabane 
Oval -Leafed  Buckwheat 
Prickly  Lettuce 
Biscuit-Root,  MacDougal 

Lomatium 
Nine  leaf  Lomatium 

Microsteris 
Hood's  Phlox 
Long  leaf  Phlox 
Ru  s  s  i  a  n  Thistle,  1  i  im  b  1  ew  e  ed 
Tumblcmustard 
Goats -Beard,  Salsify, 
Oyster  Plant 
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APPENDIX  I 

Species  referred  to  in  the  text 

Scientific  Name 


Common  Name 


5HRUBS: 


Artcnisia  tridentata   ssp.  fridcjitata 
Nutt . 


Basin  Big  Sagebrush 


GRASSES: 


Agropyron  desertorum   Fisch. 

Agropyron  riparium   Schribn.  fi  Smith 

Bvomus  teatorum   L. 

Elymns  ainereus   Schribn.  P,  Merr. 

Oryzopsis  hymenoides    (R  f,  S)  Ricker 

Phleim  pratense   L. 

Poa  sandbergii   Vasey 

Sitanion  Jiystrix   (Nutt.)  Smith 

Sporoholus   wvightii   Munro 

Stipa  comata   Trin.  fi  Rupr. 

Stipa  thurberiana   Piper 


Desert  Wheatgrass 
Streambank  Wheatgrass 
Cheatgrass,  downy  bromc 
Basin  Wi Idrye 
Indian  Ricegrass 
Timothy 

Sandberg's  Bluegrass 
Bottlebrush  Squirreltail 
Alkali  Sacaton 
Needle-and-Thread  Grass 
Thurber's  Needlegrass 


FORBS: 


Antennaria  dimorpha      (Nutt.)  T.  fi  G. 
Astragalus  beckwithii     T.  fi  G. 
Astragalus   Icntiginosus   Dougl. 
Astragalus  purshii   Dougl. 
Caloohortus  nuttallii   T.  f,  G. 
Castilleja  angustifolia    (Nutt.)  G.  Don 
Crepis  acuminata   Nutt. 
Crepis  oaoidentalis   Nutt. 
Descurainia  pinnata    (Walt.)  Britton 
Erigeron  pimilus   Nutt. 
Eriogonum  ovalifolium   Nutt. 
Laotuoa  serriola   L. 
Lomatium  foen-ioulaceimi     v.  macdouglii 

(Coult.  5  Rose)  Cronq. 
Lomatium  tritematum   (Pursh)  Coult.  Pt 

Rose 
Microsteris  gracilis    (Hook.)  Greene 
Phlox  hoodii   Rich. 
Phlox  longifolia   Nutt. 
Salsola  kali   L.  v.  tenuifolia   Tausch. 
Sisymbrium  altissimum   L. 
Tragopogon   sp . 


Low  Pussytoes 
Beckwith's  Milk  Vetcli 
Specklepod  locowced 
Pursh  Locoweed 
Scgolily,  Mariposa  kily 
Northwestern  Paintbrush 
Tapertip  llawkshcard 
Western  llawksbeard 
Tansy  Mustard 
Low  Fleabane 
Oval -Leafed  Buckwheat 
Prickly  Lettuce 
Bi  scuit-Root ,  MacDougal 

Lomatium 
Nine  lea  f  l,oinat  i  um 

Microsteri  s 
Hood's  Phlox 
Long leaf  Phlox 
Ru s  s  i  an  Th  i  s  1 1  e ,  Turn h  1  cw  e  ed 
Tumblemustard 
Goats -Beard,  Salsify, 
Ovster  Plant 
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APPENDIX  II 

Soil  descriptions  for  the  needle-and-thread  grass  and 
sagebrush  sites  at  Saylor  Creek  Experimental  Range 

Needle-and-thread  grass  site 

(NE%,  SE'^,  Sec.  17,  T.6S.,  R.9E.) 

All        0-5   Cm--Light  brown  gray  (10  YR  6/2)  dry,  silt  loam,  dark 

gray  brown  (10  YR  4/2)  moist;  weak  medium  platy  to 
weak  fine  granular;  structure  weakly  coherent, 
very  friable;  slightly  sticky,  slightly  plastic; 
plentiful  medium  roots;  plentiful  medium  intersti- 
tial pores;  very  slightly  effervescent;  abrupt, 
smooth  boundary. 

A12        5-8   Cm--Light  brown  gray  (10  YR  6/2)  dry,  silt  loam,  brown 

(10  YR  4/3)  moist;  moderate  fine  granular  to 
moderate  fine  platy;  structure  weakly  coherent, 
very  friable,  slightly  sticky,  slightly  plastic; 
plentiful  medium  roots;  plentiful  medium  tubular 
pores;  slightly  effervescent;  abrupt,  smooth 
boundary. 

ClCa       8-28   Cm--Light  brown  gray  (10  YR  6/2)  dry,  silt  loam,  brown 

(10  YR  4/3)  moist,  weak,  medium  subangular  blocky 
structure;  slightly  hard,  friable,  slightly  sticky, 
slightly  plastic;  abundant  fine  roots;  plentiful 
medium  tubular  pores;  strongly  effervescent; 
clear,  smooth  boundary. 

C2Ca      28-50  Cm--White  (10  YR  8/2)  dry,  fine  sandy  loam,  light  brown 

gray  (10  YR  6/2)  moist;  massive;  structure  weakly 
coherent,  friable,  slightly  sticky,  nonplastic; 
plentiful  fine  roots;  plentiful  medium  tubular 
pores;  violently  effervescent;  abrupt,  smooth 
boundary. 

C3Ca      50-64  Cm--White  (10  YR  8/2)  dry,  fine  sandy  loam,  light  brown 

gray  (10  YR  6/2)  moist;  massive;  structure  hard, 
friable,  nonsticky,  nonplastic;  plentiful  fine 
roots;  plentiful  medium  tubular  pores;  violently 
effervescent;  abrupt,  smooth  boundary. 

lIC4Ca    64-78  Cm--White  (10  YR  8/2)  dry,  sandy  loam,  light  gray 

(10  YR  7/2)  moist;  weak  coarse  platy  structure; 
very  hard,  very  friable,  nonsticky,  nonplastic, 
plentiful  fine  roots;  plentiful  medium  tubular 
pores;  violently  effervescent;  clear,  smooth 
boundary. 

IIC5Casi   78-98  Cm--Pinkish  white  (7.5  YR  8/2)  dry,  moderately  cemented 

hardpan,  pinkish  gray  (7.5  YR  7/2)  moist;  weak 
coarse  platy  structure;  extremely  hard,  extremely 
firm,  nonsticky,  nonplastic;  few  fine  roots; 
plentiful  medium  tubular  pores,  clear,  smooth 
boundary. 

llC6Casi  98-140  Cm--White  (10  YR  8/2)  dry,  stony  hardpan,  light  gray 

(10  YR  7/2)  moist;  weak  coarse  platy  structure; 
extremely  hard,  extremely  firm,  nonsticky, 
nonplastic,  few  fine  roots;  clear,  smooth 

boundary. 
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APrHN'DIX    II. --(con.) 


Sagebrush 
(Sli'a,    MV'.. ,    Sec.    17,    T.CiS.  ,    R.9i; 


All  0-7        Ciii--Brown    (10  YR   3/S)  ,    dry   silt    loam,    dark   brown, 

(10   YR   5/.^)    moist;    weak   metlium   granular    stiaietiire 
slightly  hard,    very   friable,    slightl)'    sticky, 
slightly  plastic;    i)lentiful    medium  roots,    plentiful 
medium  pores,    slightly   effervescent;    moderalcly 
alkaline    f]iH   8.0);    abrupt,    smooth   l)oundar\'. 

B2  7-13      Cm--Yellowish   brown    (10   YR   ri/4)    dry,    silt    loam,    dark    lirown 

(10  YR  r)/.Sl  moist;  weals,  fine  subangular  blocky  .^'-truc- 
ture;  slightly  hard,  very  friable,  slightly  sticky, 
slightly  plastic;  plentiful  medium  roots;  plentiful 
medium  tubular  pores;  slightly  effervescent; 
moderately  alkaline  (pH  8.0);  abrupt,  smooth  boundary. 

:iCa         15-51   Cm--Pale  brown  (10  YR  6/5)  dry,  silt  loam,  brown  (10 

YR  -1/5)  moist;  moderate,  fine  subangular  blocky 
structure;  slightly  hard,  friable,  slightl)'  sticky 
slightly  plastic;  plentiful  medium  roots;  plentiful 
medium  tubular  pores;  violently  effervescent; 
moderately  alkaline  ( pH  8.2);  abrupt,  smooth  boundary. 

:2Ca         51-41   Cm--Light  gray  (10  YR  7/2)  dry,  silt  loam,  gray  brown 

(10  YR  5/2)  moist;  moderately  medium  platy  structure; 
slightly  hard,  friable,  slightly  stickv,  slightly 
plastic;  plentiful  medium  roots;  plentiful  medium 
tubular  pores;  violently  effervescent:  moderately 
alkaline  (pli  8.2);  boundary  not  given. 

i;3Ca         41-65  Cm--Light  gray  (10  YR  7/2)  dry,  very  fine  sandy  loam, 

gray  brown  (10  YR  5/2)  moist;  weak  medium  subangular 
blocky  structure;  hard,  slightly  firm;  slightly  sticky; 
slightly  plastic;  plentiful  medium  roots;  plentiful 
medium  tubular  pores;  violently  effervescent;  moderately 
alkaline  (pH  8.2)  abrupt,  smooth  boimdary. 

IC4Ca       65-77   Cm--Wliite  (10  YR  S/2)  dry,  fine  sandy  loam,  light  brown 

gray  (10  YR  6/2)  moist;  moderate,  medium  angular  blocky 
structure;  hard,  firm;  slightly  sticky,  nonjilastic; 
plentiful  fine  roots;  plentiful  medium  tubular  ])ores ; 
violently  effervescent;  moderately  alkaline  (pll  8.4); 
abrupt,  wavy  boundary. 

'IlCSCasi    77-112  Cm--White  (10  YR/8/2)  dry,  hardpan,  very  pale  l)rown  (10  YR  7/5) 

moist;  moderate,  medium  platy  structure;  very  hard, 
firm,  nonsticky,  nonplastic;  plentiful  fine  roots; 
plentiful  medium  tubular  pores;  violently  effei'vescent  ; 
strongly  alkaline  (pll  8.6);  abrupt,  wavy  boundary. 

lIC6Camsi   112-128  (.;m--l\[]-ii te  (10  YR  8/2)  dry,  indurated  hardpan,  very  pale  brown 

(10  YR  7/3)  moist;  strong,  coarse  jilaty  structure;  extremely 
'  hard,  extremely  firm,  nonsticky,  nonplastic;  no  roots; 

I  plentiful  medium  tulnilar  ]:)ores;  violently  effervescent; 

strongly  alkaline  (pll  8.6);  abrupt,  wavy  boundarx'. 

IIC7Casi   128-140  Cm--WIiite  (10  YR  8/2)  dry,  degi'adetl  hai-dpan,  light  gray 

(10  YR  7/2)  moist;  massive;  structure  very  hard, 
nonfirm,  nonsticky,  nonplastic;  no  roots;  abundant 
medium  interstitial  pores;  violently  effervescent; 

_^ strongly  alkaline  (pll  8.()j;  boundary  not  given  . 
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Headquarters  for  the  Intermountain  Frr^ot  and 
Range  Experiment  Station  are  in  uguen,  Utah. 
Field  programs  and  research  work  units  are 
maintained  in: 

Billings,  Montana 

Boise,  Idaho 

Bozeman,    Montana    (in   cooperation  with 

Montana  State  University) 
Logan,  Utah  (in  cooperation  with  Utah  State 

University) 
Missoula,    Montana    (in    cooperation   with 

University  of  Montana) 
Moscow,    Idaho    (in   cooperation  with  the 

University  of  Idaho) 
Provo,  Utah  (in  cooperation  with  Brigham 

Young  University) 
Reno,      Nevada    (in   cooperation  with   the 

University  of  Nevada) 
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RESEARCH  SGMMARY 


structural-grade  flakeboard  experimentally  manufactured  from  forest 
residues  showed  mean  strengths  above  5,500  psi  and  stiffness  (MOE)  above 
600,000psi.  For  economical  transport,  residues  are  chipped  into  "finger- 
lings"  in  the  woods.  Chipping  rates  are  estimated  at  50  tons  per  hour  for 
large  residues,  and  15  tons  per  hour  for  small  residues — using  different 
machines.  Depending  on  the  harvesting  system  selected,  estimated  costs 
^.f"     '  of  fingerlings  delivered  to  the  mill  range  from    $25  to  $33  per  bone-dry  ton 

for  systems  other  than  cable  yarders. 


STRUCTURAL  FLAKEBOARD  RESEARCH 
AND  DEVELOPMENT  PROGRAM 


More  intensive  use  of  forest  residue  has  long  been  the  goal  of  forest  managers. 
yi   estimated  9  billion  cubic  feet  of  residue  is  left  in  the  woods  annually.   Of  this 
mount,  an  estimated  6  billion  cubic  feet  could  be  converted  to  part icleboard ,  flake- 
oard,  pulp,  fuel,  and  other  uses.   Increased  use  of  residues  would  greatly  extend  the 
imber  supply  and  generally  imjirove  forest  management. 

Converting  forest  residues  to  structural-grade  flakeboard  has  been  under  consider- 
;tion  for  many  years.   However,  several  problems  remained  unsolved.   The  flaking 
iachines  available  were  designed  for  use  at  mills  and  were  too  cumbersome  and  too  easily 
pocked  out  of  tolerance  to  be  used  at  logging  sites.   Residues  other  than  cull  logs  were 
bo  bulky  to  haul  to  the  mills  economically.   Trucks  would  overflow  with  small,  crooked 
rems,  limbs,  and  chunks  when  loaded  to  only  a  small  fraction  of  weight  capacity. 

A  concept  that  had  shown  promise  in  the  laboratory  was  the  breaking  of  residues  into 
,iiall  pieces  called  "f  ingerlings ,"  then  flaking  the  fingerlings  with  a  small  laboratory 
llaking  machine,  and  finally  manufacturing  the  flakes  into  flakeboard.   Theoretically, 
,5side  could  be  converted  to  fingerlings  on  the  logging  site  and  transported  to  the  mill 
jch  more  economically  than  the  raw  residues.   Wlicther  the  fingerling  concept  would 
.3rk  on  a  commercial  scale  remained  to  be  tested. 

Early  in  1975,  the  Forest  Service  began  a  research  and  development  program  to  con- 
'5rt  residues  into  structural  flakeboard.   Three  Experiment  Stations,  four  Divisions 
f  the  Washington  Office,  and  the  Forest  Products  Laboratory  were  involved  (fig.  IJ. 
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Igure  1. — Forest  Service  program  to  develop  structural  flakeboard  from  forest  residue. 


The  Intermountain  Station  was  to  develop  systems  for  harvesting  western  softwoods.   The 
North  Central  Station  was  to  develop  machinery  that  could  convert  residues  to  finger- 
lings.  The  Forest  Products  Laboratory  was  to  work  out  techniques  for  manufacturing 
flakeboard  from  finger  lings. 

This  report  covers  progress  in  the  research  and  development  program  through  the 
Flakeboard  Development  and  Performance  phase  shown  in  figure  1.   The  report  describes 
fingerling  production  from  large  and  small  residues,  systems  and  costs  for  harvesting 
residues,  the  manufacturing  of  structural  flakeboard,  and  configuration  and  performance 
of  experimental  panels. 


THE  FINGERLING  CONCEPT 


A  fingerling  is  a  piece  of  wood  approximately  2  to  3  inches  long,  with  a  cross 
section  of  less  than  1  by  1  inch  (fig.  2) .   Fingerling  production  is  the  first  step 
producing  flakes  for  structural  flakeboard.   The  first  flakes  used  for  structural 
flakeboard  were  manually  split  from  blocks  2.5  inches  long.   Later  experiments  used 
laboratory  disk  flakers  to  produce  flakes. 
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Figure  2. — Finger- 
lings:   the  first 
step  in  converting 
residue  to 
flakeboard. 


The  Research  and  Development  (R5D)  team  recognized  early  tlic  need  fur  mechaniza- 
tion of  fingerling  and  flake  production.   Different  size  classics  of  residue  by  geogra[-)h- 
ical  sections  of  the  country  suggested  that  the  protilem  of  reducing,  residues  to  finger- 
ling  chips  be  split  for  research  assignment.   The  North  Central  Station  pursuc-d  llie 
problem  of  chi])pping  the  smaller  residues,  while  the  Forest  Products  i,at)oi-;i  tor>'  sought 
out  eciLiipment  for  chijiping  larger  residues. 

Small  Residue 

The  North  Central  Station  found  that  conventional  cliippers  produced  cliips  that 
varied  too  much  in  length  to  make  suitable  fingcrlings.   Tliis  led  to  the  invL'ntioii  of  a 
ispiral  head  chipper  (fig.  5).   Although  this  machine  would  cut  i'S  percent  or  more  of  the 
pieces  to  the  lengtli  set  by  the  cutter,  many  exceeded  the  1-  by  1-iiich  cross  section 
required  for  fingerlings.   A  hammermill  with  the  grates  removed  reihiccd  the  oversized 
pieces  to  finger-sized  particles  in  one  pass.   The  structural  flakeboard  made  fi-oiii  the 
aspen  and  spruce  had  very  good  strength  (Erickson  1976) . 


Tlie  similar  problem  of  oversized  fingerlings  occurred  when  lodgepole  pine,  Douglas- 
fir,  and  larch  were  chipped  for  this  study.   Ilammermilling  was  needed  to  reduce  chips 
to  fingerling  size.   Redesigning  the  blades  in  the  spiral  liead  cliipjier  may  eliminate 
the  need  for  hammermil ling. 

Conventional  drive-shaft-mounted  strain-gaging  methods  were  used  to  measure  torque 
ver  cutting  time  and  hence  specific  horsejiower  requirements  by  species.   Tlie  western 
'species  chipped  required  slightly  higher  horsepowers  tlian  ^1ichi  gan-cut  wood  liased  on 
Specific  gravities  (table  1),  perhaps  because  of  the  low  moisture  content  of  tlie  west- 
ern wood.   Power  requirements,  although  a  little  higher  than  with  conventional  chippers, 


Figure   Z. — Finger L.ing  production   using   the  spiral   fiead  chipper. 


Table  I. --Power  requirements  for  producing  fingerling  chips  with  the  Forest  Service 

spiral  head  chipper 


Species         : 

sample 

:    Specific 

gravity 

:   Sp 

ecific  power 

Hp/min 
ft'      ■ 

Lodgepole  pine 

Douglas-fir 

Larch 

12 
1 
8 

0.413  - 
.492  - 

0.466 
.515 

8.7        j 

8.1  i 

9.2  1 

Aspen 

8 

.343  - 

.377 

5.2        ' 

Basswood 

7 

.278  - 

.318 

5.2 

Red  oak 

6 

.510  - 

.549 

9.3 

Sugar  maple 

3 

.618  - 

.658 

15.1 



could  be  met  by  portable  units.   Envisioned  are  field  operations  similar  to  whole-trt 
chipping  operations  now  commonly  producing  pulpwood  chips. 

A  conceptual  field  unit  is  shown  in  figure  4.   A  portable  unit  can  be  constructtj 
for  an  estimated  $35,000.   Using  a  6-year  life,  straight-line  depreciation,  and  15 
percent  interest  and  contingency  rates,  the  hourly  operating  cost  is  estimated  at 
$12.48.   Based  on  an  average  6-inch-diameter  log  and  60  percent  feed  rate,  production 
is  estimated  to  be  15  tons  per  hour  (table  2) . 


Figure  4. — Concept  of  mobile  unit  for  producing  fingerling s. 


Table  2 . --Finger ling  production  by  operating  speed  and   log  diameter 


Log   diameter 

Cutter  head 

R/min 

( inchesl 

:               500 

350 

: 

400 

--Cubic 

feet  I 
6.5 

^er 

4 

5.5 

7.5 

6 

12.0 

14.0 

16.0 

8 

21.5 

25.0 

28.5 

10 

34.0 

40.0 

46.0 

Large  Residue 

The  Arasmith  Manufacturing  Company  drum  chipper  was  chosen  for  chipping  large 
residues.   A  contract  resulted  in  a  modified  drum  chipper  with  special  knives  to  cut 
;hips  2  1/2  inches  long  (fig.  5).   This  chipping  process  required  cutting  the  residues  to 
:he  length  of  the  drum  and  feeding  the  log  axial ly  parallel  to  the  a.xis  of  the  drum. 
The  primary  drawback  is  having  to  cut  residues  to  a  specified  length.   The  principal 
idvantage  is  that  when  chips  are  cut  parallel  to  the  axis  of  the  log,  horsepower 
tonsumption  is  not  highly  sensitive  to  log  diameter.   When  the  knives  cut  through  the 
kiameter  of  the  log,  large  horsepowers  are  needed  for  larger  logs  because  the  cutting 
bower  increased  proportional  to  the  square  of  the  log  diameter.   The  modest  horsepower 
[•equired  by  the  drum  chipper  will  allow  use  of  relatively  low-powered  units  suited  to 
,n-the-woods  chipping.   The  manufacturer  estimates  that  a  42-inch-diameter ,  60-incli- 
;.ong  drum  chipper  making  3/8-inch-thick  fingerlings  can  be  driven  with  a  200-hp  diesel 
fengine.   Its  output  could  be  about  50  tons  per  hour  of  operation  when  fully  loaded. 


'igure  5. — Modified  drum 
chipper. 


HARVESTING  SYSTEMS  FOR  RESIDUE 


Research  suggests  that  the  most  efficient  time  to  harvest  logging  residue  is  in 

conjunction  with  the  commercial  harvesting,  especially  when  clearcutting,  because  the 

entire  tree  can  usually  be  removed  in  one  operation.   An  alternative  method  is  to  re- 
move part  or  all  of  the  residue  after  commercial  harvesting. 

Previous  studies  of  clearcutting  in  gentle  terrain  and  near-complete  removal  of 
the  fiber  indicate  that  this  method  will  be  most  economical  for  residue  harvesting. 
This  is  true,  of  course,  for  almost  any  harvesting  method  comparisons. 

Methods  and  Equipment 

Figure  6  shows  six  systems  for  near-complete  harvesting  of  relatively  small-size' 
timber  averaging  lO-ft^  piece  size.   Equipment  for  each  system  is  shown  in  figure  7. 
In  a  study  of  intensive  utilization  in  lodgepole  pine  in  Wyoming,  merchantable  and 
nonmerchantable  (residue)  volumes  were  nearly  equal.   (This  probably  represents  a 
slightly  less  than  normal  volume  of  residue  typical  for  lodgepole  pine,  but  somewhat 
greater  than  normal  for  most  other  species  in  the  Rocky  Mountain  West.) 

Following  is  an  example  of  the  volume  and  classification  of  material  from  the 
Wyoming  study  (Gardner  and  Hann  1972) .   Description  of  unit  1  before  and  after 
harvesting: 

Areas  of  unit  (acres)  -  16.8 
Average  stand  age  -  168.7 
Average  site  index  (50-yr  base)  -  43.7 

Volume/acre  to  6-inch  top  of  live  standing  trees  (ft-)  -  5,912 
Volume/acre  to  6-inch  top  of  dead  standing  trees  (ft^)  -  1,014 
Total  volume/acre  to  6-inch  top  (ft^)  -  6,926  (+621)* 
Volume/acre  of  tree  residuals** (ft^)  -  1,124(±205) 

Volume/acre  of  ground  material  <_   3  inches  in  size  (ft^)  -  1,820(±308) 
Preharvest  total  volume/acre  of  (ft^)  -  9,870(±723) 

Postharvest  volume/acre  of  ground  material  <^  3  inches  (ft  3)  -  564  (±118) 
*  Figures  in  parentheses  are  68-percent  confidence  intervals. 
**  Tree  residuals  are  the  difference  between  total  volume  for  trees  3.0  inches  d.b.h 
and  larger,  and  merchantable  volume  to  a  6-inch  top  for  trees  6.5  inches  d.b.h. 
and  larger. 

Many  combinations  of  equipment  with  different  levels  of  mechanization  could  be 
designed  for  harvesting  10  ft^  (total  tree  volume,  merchantable  and  nonmerchantable) 
average  timber  size  used  in  the  simulation  trials.   Trials  were  therefore  limited  to 
tests  of  representative  equipment  types  that  would  either  singularly  perform  subs>'st(i 
operations  or  combine  them:  felling,  limbing,  lopping,  skidding,  loading,  hauling,   j 
felling-bunching,  felling-skidding,  limbing-lopping,  felling-limbing-lopping-bunchini 
Other  subsystem  operations  are  performed  as  needed  in  each  system  shown  in  figure  7. 

Because  simulation  does  not  produce  an  optimum  system,  the  trials  in  this  repor 
are  only  to  show  possible  methods  of  near-complete  harvesting  and  their  relative  cos 
A  list  of  equipment  for  each  operation  and  estimated  production  data  are  given  in 
table  3.   The  special  harvesting  or  processing  equipment  is  shown  in  appendix  A.     | 
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Figure  6. — Altermative  near-comj.>lete  Jvxi'vestinj  syGtems. 
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Figure  7. — Equipment  for  alternative  harvesting  systems. 
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Table  l . --Operation,   equipment  type,   and  estimated  production  rates    (piece  size 
10  ft^,   availability   75%;   40-mile  haul) 


Operation 

:      Equipment            : 

Production  rate 

Ft^/h 

Felling 

Chainsaw 

390 

Limbing,  bucking 

Chainsaw 

310 

Felling,  bunching 

Drott  Feller  Buncher  LC-40 

1,480 

Limbing,  lopping 

Volvo  SM880  Processor 

2,000 

Limbing,  lopping 

Logma  T-310 

900 

Skidding 

Grapple  Skidder  Timberjack 
230D 

600 

Yarding 

Skagit  Gt-3  Running  Skyline 

400 

Loading 

Front  End-Cat  950 

1,800 

Loading 

Knuckle  Boom  Drott  LC-40 

1,000 

Forwarding 

Front  End  Loader  Cat  950 

1,500 

Chipping 

Fingerling  Chipper 

600 

Felling,  limbing, 

Timberjack  RW-30  Tree-length 

500 

bunching 

Harvester 

Log  hauling 

Truck  and  trailer 
(6,000  m  bd.  ft) 

320 

Fingerling  hauling 

Truck  and  trailer 
(15  unit) 

320 

Felling,  skidding 

Warner-Swasey  Log-All 

200 

Ill  tables  -I  through  9,  the  eciuipment  and  number  of   units  needed  to  lialance  each 
ystem  were  tentatively  designed  for  simulation  trials.   In  every  system,  the  harvested 
aterial  is  assumed  to  he  a  SO-SO  mix  of  merchantable  and  residue  material.   For 
ystem  VI,  all  of  tlie  harvested  material  is  transported  to  the  mill  for  sorting  and  the 
ingerlings  arc  manufactured  at  the  plant.   For  all  other  systems  (fig.  7J ,  the  finger- 
ings are  made  at  the  landing  and  transported  to  the  mill  along  with  the  merchantable 
ogs.   The  logs  and  fingerlings  are  not  necessarily  transiiorted  to  the  same  location, 
ut  for  this  report,  the\'  are  transiiorted  the  same  distance:  40  miles. 


Table  4.--Siistem  I 


Operation 


Equipment 


No. 
un  i  t  s 


Unit 
product  ion 


Total 
production 


Fel ling , 

bunching 
Skidding 

Limbing, 
lopping 

(750  ft^ 
residue) 


Drott  Feller 

Buncher 
Timberjack 

230D 
Logma  T-310 


Ft^/h 

1,500  1,500 

600  1,800 

900  1,800 


Forwarding 
Fingerling 
Hauling 


Cat  950 

Truck  and 
trailer 


1,500 
600 
320 


1,500 
600 
640 


(750  ft^ 
merchantable) 


Loading 
Hauling 


Cat  950 
Truck  and 
trailer 


1  ,800 
320 


Table  5.  -System  II 


1  ,800 
640 


Operation    : 

Equipment    : 

No. 
units 

:     Unit 

:    production 

:   P 

Total 
reduction 

-Ft^/h- 

Fel ling, 
bunching 
Limbing, 

Drott  Feller 

Buncher 
Volvo  880 

1 
1 

1,500 
2,000 

1,500 
2,000 

lopping, 
bunching 
Skidding 

Timberjack 
230D 

3 

600 

1,800 

(750  ft 3 
residue) 

Fingerl ing 
Hauling 

Truck  and 
trailer 

1 
2 

600 
320 

600 
640 

(750  ft^ 
merchantable) 

Loading 
Hauling 

Cat  950 
Truck  and 
trailer 

1 
2 

1,000 
320 

1  ,000 
64  0 

Table  6. -System  III 


Operation    : 

Equipment 

. 

No. 
units 

:     Unit 

:   production 

:     Total 
:   production 

-Ft^/h 

Felling, 
limbing 
bunching 

Skidding 

Timberjack  RW- 
30  Tree-length 
Harvester 

Timberjack 
230D 

2 
2 

500 
600 

1,000 
1,200 

(500  ft3 
residue) 

Forwarding 
Fingerling 
Hauling 

Cat  950 

Truck  and 
trailer 

1 

1 
2 

1,500 
600 
320 

1,500 
600 
640 

(500  ft3 
merchantable) 

Loading 
Hauling 

Cat  950 
Truck  and 
trailer 

1 
2 

1,800 
320 

1,800 
640 

Table   1 .--System  IV 


: 

: 

No. 

:     Unit 

:     Total 

Operation    : 

Equipment    : 

units 

:   production 

:   production 

-Ft^/h 

Felling, 

Warner- 

6 

200 

1,200 

skidding 

Swasey 

Limbing, 

Logma  T-310 

2 

900 

1,800 

lopping 

(600  ft  3 

residue) 

Forwarding 

Timberjack 
230D 

1 

1,500 

1,500 

Fingerling 

1 

600 

600 

Hauling 

Truck  and 
trailer 

2 

320 

640 

(600  ft  3 

merchantable) 

Loading 

Cat  950 

1 

1,000 

1,000 

Hauling 

Truck  and 
trailer 

2 

320 

640 

10 


Table  ?,. -System  V 


Operation      : 

Equipment    : 

No. 
units 

:     Unit 

:    production 

:    pi 

Total 
reduction 

--Ft^/h 

Felling 
Limbing, 
lopping 
Skidding 

Chainsaw 
Chainsaw 

Timber jack 
230D 

3 

4 

2 

390 
310 

600 

1,170 
1,240 

1,200 

(600  ft  3 
residue) 

Forwarding 

Timber) ack 
230D 

1 

1,500 

1,500 

Fingerling 
Hauling 

(600  ft  3 
merchantable) 

Truck  and 
trailer 

1 
2 

600 
320 

600 
640 

Loading 
Hauling 

Knuckle  Boom 
Truck  and 
trailer 

1 
2 

1,000 
320 

1,000 
640 

Table  9. -System   VI 


:                : 

No.     : 

Unit 

; 

Total 

Operation 

:     Equipment    : 

un  i  t  s    : 

production 

:    P 

roduction 

-Ft'^/h 

Felling 

Chainsaw 

3 

390 

1,170 

Limbing, 

Chainsaw 

4 

310 

1,2.10 

lopping 

Yarding 

Skagit  GT-3 

3 

4  00 

1  ,200 

Loading 

Knuckle  Boom 

1 

1  ,  000 

]  ,000 

Hauling 

Truck  and 
trailer 

4 

320 

1  ,280 

Sorting 

Knuckle  Boom 

1 

1,000 

1  ,000 

Forwardina 

Cat  950 

1 

600 

600 

Fingerling 

1 

600 

600 
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The  approximate  production  rates  in  table  3  show  relative  production  capacities 
and  are  for  tentatively  balancing  the  system.   The  best  production  data  available  are 
used  for  each  simulation  run.   Published  production  data  from  the  Pulp  and  Paper 
Research  Institute  of  Canada  (PPRIC)  vvfere  used  for  most  of  the  processors  or  harvesters^' 
Other  production  data  are  from  published  or  unpublished  studies  of  the  Forest  Engineer- 
ing research  work  unit  at  Bozeman,  Montana. 

Simulation 

The  simulation  program  (SAPLOS)  used  was  developed  by  Leonard  Johnson  and  others 
(1972).   It  was  reprogramed  from  GASP  II  to  GASP  IV  and  adapted  for  more  general  use. 

Table  10  presents  the  harvesting  and  transportation  cost  per  cubic  foot  for  each 
subsystem  for  merchantable  and  nonmerchantable  material.   The  method  for  computing 
equipment  operating  cost  for  the  simulation  runs  is  shown  in  appendix  B.   The  costs 
include  delay  time,  but  not  nonproductive  time  or  overhead  cost. 

Simulation  is  a  technique  to  examine  alternatives.   Field  operations  could  vary 
considerably  from  the  simulation  trials  because  of  such  factors  as  unfamiliarity  with 
the  system  (in  the  short  run),  differences  in  equipment  operators,  conditions  differinj 
from  those  under  which  the  data  were  derived,  and  other  variables.   However,  the  trial: 
are  well  within  the  accuracy  needed  to  show  the  general  viability  of  these  systems  for 
clearcut  harvesting. 


Harvesting  systems  I-IV  are  completely  mechanized  and  are  usable  for  the  relative 
flatter  terrain  in  the  Rocky  Mountain  area.   Most  of  the  material  harvested  with  these 
systems  would  be  lodgepole  pine,  which  makes  up  29  percent  of  the  commercial  species 
volume  in  the  Northern  Rocky  Mountain  area. 

In  table  11,  the  estimated  delivered  costs  including  nonproductive  time  and  over- 
head are  shown. 


Table  10. --Costs  fov  simulated  alternative  harvesting  systems    ($/ft^) 


Felling 

:Sk 

idding 

:   Pro 

::essing 

:   Lo 

ading 

System 

:   Material 

01 

or 

or 

or 

Haul ing 

:   Subtotal 

:  Total 

:fell 

ing 

and  buck 

ing  :  y 

arding 

:   forwarding 

:   fingerling  • 

Logs 

0 

0151 

0.0291 

0 

.0535 

0 

.0706 

0 

1081 

0.2763 

I 

Residue 
Logs 

0151 
0229 

.0300 
.0457 

.0384 

.0614 
.0709 

0623 
1105 

.2072 
.2500 

0.483; 

11 

Residue 
Logs 

0229 
0151 

.0457 
.0291 

.0581 
.0748 

.0731 
.0706 

0656 
1081 

.2654 
.2977 

.515 

III 

Residue 
Logs 

0151 

0 

1092 

.0300 

.0384 
.0483 

.0616 
.0718 

0623 
1101 

.2074 
.3457 

.505 

IV 

Residue 
Logs 

0210 

1092 

.0454 

.0253 

.0618 
.0706 

0627 
1098 

.2590 
.2468 

.604 

V 

Residue 
Logs 

0210 
0210 

.0441 
.1575 

.0531 

.0731 
.0709 

0646 
1100 

.2559 
.3?94 

.502  ; 

1 

VI 

Residue 

0210 

.1575 

.0384 

.0725 

0630 

.3524 

.711  ij 
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Table  \\ .  --Delivered  cost  of  fingerliyigs  per  dry   ton  for  alternate  hart.iestinri  systems 
(NPT  =  nonproductive   time,    OH  =  payroll  cost.) 


$/dry  ton 
(1973  cost] 


System 


I 

II 
III 
IV 

V 
Vi 


15.21 
19.48 
15.22 
19.01 
18.78 
25.86 


Adi. 

40?. 

fo 

r  NPT  and 

OH 

21. 

23 

27. 

27 

21 

31 

26 

61 

26 

59 

36 

20 

Adj  .  to 
1975  cost 


32 
25 
31 
31 
43 


,48 
72 
57 
,93 
,67 
,44 


MANUFACTURING  STRUCTURAL 
FLAKEBOARD  FROM  FINGERLINGS 


Structural  flakeboard  is  an  exterior  grade  panel  for  use  as  construction  shcatliing 
^nd  is  one  of  the  newer  entries  into  the  reconstituted  wood  panel  products  field. 
Generally,  it  is  a  panel  whose  surfaces  are  mainly  composed  of  long,  thin  flakes 
(about  1.5  to  5.0  inches  long  and  0.020  inch  thick)  bonded  together  with  a  weather- 
resistant  or  highly  durable  resin. 

j     Several  years  ago,  researchers  at  the  Forest  Products  Laboratory  showed  fingerlings 
Ivould  provide  excellent  furnish  for  ring  flakers  to  produce  the  flakes  for  structural 
flakeboard  (fig.  8,  9)  Heebink  and  Dominick  1971;  Ileebink  1972). 

Panel  Performance  Requirements 

Structural  flakeboard  must  have  three  key  properties  not  required  in  part ic leboards 
commonly  employed  as  furniture  and  floor  underlaymcnt :  (11  durability,  (2)  dimensional 
ptability  in  width  and  length,  and  (3)  capability  to  carry  building  loads  even  under 
Adverse  environmental  conditions.   Common  part ic leboards  have  been  primarily  desiiuied 
as  "gap  fillers"  or  to  have  a  smooth  surface;  licnce,  structural  pro]ierties  were  not 
optimized. 

\  Because  weather  resistance  was  not  sought,  conventional  hoards  were  constructed 

with  urea  resin,  which  is  not  as  resistant  to  water  or  weather  as  the  phenolic  resin 
femployed  in  exterior  grades  of  plywood.   Phenolic  resin,  or  a  similarly  ihii'able  resin, 
-should  be  employed  in  structural  flakeboard. 

j     Exterior-grade  plywood  meets  or  even  exceeds  the  performance  desired  for  sheathing. 
\lthough  structural  flakeboards  meeting  U.S.  and  Canadian  standards  are  generally  infe- 
rior in  physical  properties  to  structural  plywiiod  of  ecpial  thickness,  phenolic  t  lake- 
boards  are  being  used  as  building  sheathing,  floor  underlaymcnt,  and  cladtling  (C:anadian 
Standards  Association  1975}  in  Canada.   Canadian  asjien  flakeboard  nas  recent  1)-  been 
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Figure  8. — Fingevling  concept  for  converting  forest  residues  to  structiwal  flakeboard 


^*iK.: 


Figure  9. — Fingerlings  from  spiral  chipper,   ring  flakes,   and  board. 
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Table  12 . --Stpuctural  flakeboard  requirements  contained  in   United  States  and  Canadian 

standards  (minimum  average  values) 

Requirements : U.S.A.  :     Canada 

Standard  CS  236-66  CSA  0188-1975 

Tv-jje  2-B-2  Grade  P  S  Q 

Density  (Ib/ft^)  37  to  50  Not  specified  or 

not  applicable 

Thickness  tolerance  (+^  in)  0.016  0.030  -  0.015 

Modulus  of  rupture  (Ib/in^)  2,500  2,000 

Modulus  of  elasticity  (Ib/in^)  450,000  400,000 

Internal  bond  (Ib/in^)  60  40 

Linear  expansion  (percent)  0.25  0.25 

(maximum  average  50%-90'^:.  Rii) 
Screw-holding  strength  (lb) 

Face  250  Not  specified 

Edge  200  Not  specified 

Residual  bending  strength  after  50  50 

accelerated  aging  (percent  of 

initial) 


onsidered  suitable  for  roof  and  wall  sheathing  in  the  U.S.  (Hlin-FUA  1975).   Tlic  U.S. 
tandard  (U.S.  Department  of  Commerce  1966)  does  not  specify  end  use  for  sucli  boards, 
ut  the  National  Part icleboard  Association  (1970)  has  obtained  recognition  of  such 
Iroperties  for  these  panels  to  be  used  as  decking  (subf loor-underlayment  combination) 
n  mobile  homes  and  factory-built  housing.   One  U.S.  manufacturer  has  obtained  recogni- 
ion  of  his  product  by  the  International  Conference  of  Building  Officials  (ICBO  1972) 
s  a  satisfactory  alternative  material  to  that  sjiecified  in  the  Uniform  Building  Code 
jor  roof,  wall,  and  floor  sheathing  and  underlayment .   Hence,  cities  and  States  using 
he  Uniform  Building  Code  would  allow  use  of  this  board  in  buildings.   The  Canadian 
nd  U.S.  National  Particleboard  Association  standards  currently  specifying  physical 
jroperty  levels  for  structural  flakeboards  are  shown  in  table  12.   To  guide  the  Forest 
ervice  Program,  service  load  severity  and  panel  properties  (table  13)  were  established, 
single  structural  flakeboard  having  an  average  MOE  (modulus  of  elasticity)  of  725,000 
:d  800,000  psi  and  near-minimum  MOR  (modulus  of  rupture)  of  4,500  psi  could  meet  load 
arrying  requirements  for  equivalent  thicknesses  of  plywood:  the  use  of  5/8-  to  3/4-incl 
ingle  layer  floor  and  1/2-inch  plywood  roof  sheathing  is  common  (Countryman  1975). 

Board  Configurations 

Defining  the  physical  properties  in  structural  panels  poses  the  problem  of  selcct- 
■ig  board  configurations  to  meet  requirements  at  reasonable  or  competitive  cost.  Ttic 
anadians  have  had  excellent  success  with  a  panel  composed  of  randomly  oriented  flakes, 
ither  placing  the  best  quality  flakes  on  the  surface  of  the  panel  and  mixed  cjuality 
lakes  in  the  core  (three-layer  random  board)  or  simply  randomly  di str ilnit ing  mixed 
'(jality  flakes  throughout  (homogeneous  random  board).   Fmplacing  the  highest  quality 
Hakes  on  the  panel  surfaces  improves  bending  strength  and  stiffness.   F'urther  control 
f  processing  steps--control ling  closure  rate  and  pressure  to  densify  svirfaccs,  using 
jinimum  resin  to  attain  desired  strength,  selecting  the  proper  proportion  of  surface 
lakes  to  core  material--improves  random  three-layer  structural  flakeboaixl  panels 
Ramaker  and  Lehmann  1976;  Geimer  and  others  1975b). 
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Table  ll> .  -Selected  performanae  goals  for  structural  flakeboard 


2 
Component  [  Thickness       \  MOE         '_    MOE 

Psi 
STATIC  BENDING 

Floor  5/8  "800,000  4,000 

16"  c/c  3/4  475,000  3,000 


Thickness 

;     MOE 

Inches 

Psi 

5/8 

^800,000 

3/4 

475,000 

1/2 

725,000 

5/8 

375,000 

5/16 

500,000 

3/8 

300,000 

Roofs  1/2  725,000  ^4,500 

24"  c/c  5/8  375,000  3,000 

Walls  5/16  500,000  2,500 

16"  c/c  3/8  300,000  2,200 

RESIDUAL  BENDING  STRENGTH  AFTER 
ACCELERATED  AGING: 
50  PERCENT  OF  INITIAL 

TENSILE  STRENGTH  PERPENDICULAR  TO 
SURFACE  (INTERNAL  BOND) 

Strength--Dry  70  Ib/in^ 

--After  accelerated  aging         35  Ib/in^ 

DIMENSIONAL  STABILITY  (30  to  90  PERCENT 
RELATIVE  HUMIDITY) 

Allowable  linear  expansion  0.25  percent 

(in  plane  of  panel) 
Allowable  thickness  swelling  8  percent 

INTERLAMINAR  SHEAR 

Strength  250  Ib/in^ 

EDGEWISE  SHEAR 

Strength  1,000  Ib/in^ 


Values  are  average  values  with  a  variability  consideration. 

Values  are  near -minimum  values. 

3 

Values  governing  a  single  maximum  performance  panel. 


Alining  wood  flakes  or  strands  in  one  direction  produces  structural  flakeboards  (I 
even  higher  strength  and  stiffness  (Elmendorf  1965;  Snodgrass  and  others  1973).   To 
obtain  adequate  linear  stability  and  strength  in  the  nonalined  direction,  three-layer 
alined  boards  are  suggested.   The  importance  of  this  is  reflected  in  figure  10,  where 
expansion  perpendicular  to  the  alined  direction  can  be  very  high  unless  restrained 
(Geimer  and  others  1975b) .   The  cores  consist  of  either  random  flakes  or  cross-alined 
flakes  (Geimer,  and  others  1975a;  Saunders  and  others  1975).   (The  alined  panel  paten 
(Elmendorf  1965)  restricts  commercial  production  of  this  panel  type.)   Tyjoical  surfac 
of  random  and  alined  boards  are  shov\m  in  figure  11. 
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Figure  10. — Linear  expansion  of  three-layei'  flakeboarcls  after 
ODendry  and  vacuum  pressure  soak    (Geimer  and  others   1975). 
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Table  14. --Comparative  properties  of  various  structural  flakeboard  configurations  from  disk  and  ring  flakes 


Flake  type 


Species-' 

Resin 
content 

Dry 
specific 
gravity 

Modulus 

of 
rupture 

Modulus 

of 

elasticity 

Internal 
bond 

50-90  per 
relative  hit 

Linear  Thi 
expansion   s 

Percent 

Lb/in^ 

1,  000  Lb/in^ 

Lh/in^ 

Feraen  t         I 

ALINED 

HOMOGENHOUS  FLAKEBOARD 

--parallel 
--perpendicular 

i/vx 

6 

0.64 

5,480 
1,850 

968 
215 

92 

0.03 
.40 

--parallel 
--perpendicular 

vx 

6 

.67 

6,110 

2,250 

777 
254 

113 

.04 
.26 

--parallel 
--perpendicular 

DF 

5 

.64 

.57 

9,S00 
460 

1,777 
56 

91 

.00 
1.92 

Stands : 

0.016  in  by  1.5-3  in 


Ring  flakes; 

0.016  in  by  1.5-3  in 
from  large  chips 

Disk  flakes: 

0.020  in  by  2  in  by  0.05  in 


3-LAYER  ALINED  FLAKEBOARD 


Alined  face--cross-alined  core  strands; 

0.016  in  by  1.5-3  in  --parallel 

--perpendicular 

Alined  face--cross-alined  core: 

Faces  (30%);  0.02  by  2-in  disk  flakes 

--parallel 
Core  1.70%)  :  1-in  ring  flakes  from  1-in  chips 

--perpendicular 

Alined  face--randoni  core; 

Faces  (40%) :   0.02  by  2-in  disk  flakes 

--parallel 
Core  (60%);  3/4-in  ring  flakes  from  3/4-in 
chips  --perpendicular 

Faces  (30%);   0.02  by  2-in  disk  flakes 

--parallel 
Core  C70%)j.  0.02  by  2-in  ring  flakes  from 
2-in  chips—  --perpendicular 

--parallel 
--perpendicular 


Face  flakes  (30%  bd  wt) : 

0.02  by  2-in  disk  flakes  plus  0.02  by  2-in  ring 
flakes  from  2-in  chins  (screened  +  1/2-inl 

Core  flakes  (70  %  bd  wt) :   Above  screened  -  1/2-in 

Face  flakes  (50%  bd  wt) ; 

0.02  by  2  ring  from  2-in  chips 
Core  flakes;   Slivers 

Face  flakes  (30%  bd  wt)  : 

0.02  by  2  disk  flakes 
Core  flakes  (30%  bd  wt) ; 

0.02  by  2  ring  flakes  from  2-in  chips 


Ring  flakes: 

0.02  by  2-in  from  2-in  chips 

Ring  flakes: 

0.02  by  2-in  from  2-in  chips 

Disk  flakes: 

0.02  by  2-in  from  2-in  chips 

Ring  flakes: 

0.02  by  2-in  from  2-in  chips 

Disk  flakes: 

0.02  by  2-in  from  2-in  chips 


DF 


DF 


.65 

.63 


3-UYER  RANDOM  FLAKEBOARD 


LP 


DF 


4/2 


.72 


LP  5  .69 

RANDOM  HOMOGENEOUS  FLAKEBOARD 


DF 
DF 
DF 
LP 
LP 


.67 


.59 


5,500 
4,000 


6,580 
3,110 


4,620 


5,260 


4,015 


5,185 


899 

445 


1,398 
412 


.65 

6,740 

1,394 

.65 

2,050 

240 

.72 

6,620 

1.247 

.68 

2,640 

359 

.70 

7,750 

1,299 

.68 

3,560 

348 

795 


710 


691 

745 


100 


152 


105 


36 

75 


.11 
.11 


.02 
.16 


.06 
.28 


.10 
.35 


Chips,  hand-cut:  about  1-by  1 -by  2-in 
'Species  code:   DF,  Douglas-fir  from  west  of  Cascades;  LP,  lodgepole  pine,  VX,  variety  of  softwoods. 
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Property  levels  that  are  attainable  in  various  board  configurations  at  equivalent 
Doard  densities  are  given  in  table  14.   Generally,  strengths  above  5,500  psi  and  stiff- 
lesses  (MOE)  in  excess  of  750,000  psi  are  easily  obtained  for  experimental  panels  having 
alined  flake  configurations.   One  must  provide  cross-alinement  or  random  orientation  of 
flakes  in  panels,  however,  to  limit  linear  expansion.   Three-layer  random  or  homogeneous 
flakeboards  here  have  mean  strengths  in  the  range  of  4,000  to  5,300  psi,  and  stiffnesses 
[MOE)  in  the  range  of  600,000  psi  to  800,000  psi.   Linear  expansion  is  controlled  by 
random  orientation  of  the  flakes.   Internal  bond  levels  for  all  panel  configurations  can 
1)6  sufficiently  high  to  assure  meeting  requirements.   These  results  show  that  structural 
rlakeboards  can  be  prepared  from  sound  wood  residues  that  meet  commercial  standards  and 
-orest  Service  specifications. 

Furnish  Requirements 

Furnish  for  structural  flakeboard  [especially  surfaces)  must  consist  of  longer 
'lakes  or  stands  than  are  normally  found  in  particles  in  conventional  particleboards . 
ijurface  flakes  should  average  2  inches  in  length  and  0.020  inch  in  thickness  (Lehmann 
.974;  Saunders  and  others  1975;  Snodgrass  and  Saunders  1974).   Furnish  for  the  core 
should  also  consist  mostly  of  long  flakes  to  enhance  linear  stability. 


Flakes  may  be  produced  from  fingerlings  or  directly  from  roundwood  [fig.  12).   The 
"lakes  resulting  from  these  two  techniques  differ  in  quality,  but  both  may  be  employed 
ilone  or  in  combination  with  each  other  to  provide  high  performance  structural  flake- 
)oards.   Disk  flakes  from  fingerlings  are  of  lower  quality  than  disk  flakes  produced 
"rom  roundwood,  but  by  alining  fingerling-derived  ring  flakes  in  the  board,  one  may 
ittain  high  performance  levels  (Snodgrass  and  Saunders  1974) . 


BARKER 


'i'-H:i^^^:<^-< 


Figure  12. — Tuo  parallel  processing  procedures  for  forest  residue  conversion  into 

structural  flakeboard. 
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Table  15 . --Comparative  screen  analyses  of  disk  flakes  (hamvermilled)  and  ring  flakes 
from  unsound  forest  residue  speaies.  Ring  flakes  are  derived  from  spiral 
or  drum  chipper  fingerlings;  disk  flakes  from  split  chunks.  (Logs  flaked 
when  green  except  where  noted. ) 


Species 


Aspen 

Paper  birch 
Western  larch 
Lodgepole  pine 
Lodgepole  pine--dry  logs 
Douglas-fir 


Douglas-fir  (58  percent) -- 

Western  hemlock  (42  percent) 
Douglas-fir 


Percentage  of  material  passing 
through  1/52- inch  mesh  screen 


Disk 

flakes 

Ring  flakes     : 

(hammermilled) 

FROM  SPIRAL  CHIPPER 

FINGERLINGS 

36 

14 

40 

-- 

24 

14 

23 

10 

33 

16 

10 

11 

FROM  DRUM  CHIPPER 

FINGERLINGS 

30 

21 

39 

21 

Fingerling  Chips  for  Flakes 

Many  of  the  experimental  panels  produced  for  evaluation  in  table  14  included  rinj 
flakes  generated  from  hand-cut  fingerlings.   In  order  to  assess  the  quality  of  flakes 
derived  from  "chipper"  fingerlings,  experiments  were  conducted  employing  partially 
decayed  forest  residues  (Heebink  and  Chern;^  Heebink,  and  others,  in  press).  ,y,: 

Included  species  were  Douglas-fir,  western  hemlock,  lodgepole  pine,  western  larc' 
aspen,  and  paper  birch.   Fingerlings  from  the  spiral  chipper  and  Arasmith  drum  chippe 
were  flaked  in  a  Pallmann  ring  flaker.   Hand-cut  chunks  of  similar  material  were  disk  ■ 
flaked  and  then  hammermilled.   Homogeneous  panels  were  prepared  from  each  furnish 
retained  on  1/32-inch  mesh  screen.   The  percentages  of  fines  passing  through  a  1/32-i  i' 
screen  are  given  in  table  15.   Fines  for  the  ring-flaked  material  were  twice  the  hamm ; 
milled,  disk-flaked  material.   Normally,  for  sound  wood,  the  proportion  of  fines  in 
hammermilled,  disk-flaked  material  passing  a  1/32-inch  screen  is  about  3  to  5  percent 
The  nearly  2  to  4  times  the  amount  of  fines  generated  here  reflects  the  presence  of 
barky  or  decayed  wood  and  the  influence  of  hammermilling.  ; 

Flaking  decayed  material  produces  proportionately  smaller  pieces  than  does  flaki', 
sound  material,  with  the  proportion  of  smaller  flakes  increasing  with  decreasing  resi:ie 
size.   With  sound  wood  (table  16),  flake  uniformity  from  disk  and  ring  flakers  is  not;'!/ 
different.   About  93  percent  of  disk-cut  flakes  are  retained  on  a  >l/4-inch  screen, 
while  only  56  percent  of  ring  flakes  from  hand-cut  fingerlings  are  retained  (Lehmann 
and  Geimer  1974).  .  '  ■■5'  :.  • 


2  Heebink,  B.  G.,  and  J.  Chern.   1975.   The  "Spiral  Chipper":  evaluation  of  an 
initial  reduction  device  to  convert  forest  residues  for  structural  particleboard. 
(Unpubl.  FPL  Off.  Rep.) 
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fable  16. --Comparative  screen  analyses  of  0.20  inch  thick  disk  flakes    (nonhammermilled) 
I  and  ring  flakes  produced  from  sound  and  decayed  Douglas-fir  forest   residues 

(greater  than  4  inches  diameter)    (Lehmann  and  Geimer   :.■'/■) 


Mean  screen  fraction 


Icreen  mesh 
(inchesl 


Ring  flakes  from  hand- 
cut  finger 1 ings 


Disk  flakes 
( nonhammermi lied) 


(Sound) 


(Decayed) 


(Sound) 


(Decayed) 


■Percent- 


1/2 

1/2  >l/4 

1/4  >l/8 

1/8  >1/16 

1/16 


15.4 
40.6 
18.2 
12.7 
13.2 


11.4 
29.6 
18.  1 
18.5 
22 . 4 


84.7 
8.6 
3.0 
2.0 
1.7 


60.1 

22.4 

9 .  5 

5.4 

2.6 


Homogeneous  random  flakeboards  were  prepared  employing  3  percent  jihenol -  forma Idchydc 
lesin  and  1  percent  wax.   The  physical  properties  of  the  panels  were  evaluated  and  com- 
ared  to  assess  the  influence  of  flake  type.   Physical  properties  (before  and  after 
Accelerated  aging)  are  given  in  table  17.   Distinct  reductions  in  strength  are  evident 
jhen  compared  to  similar  panels  produced  from  wholly  sound  wood  (table  14),  and  again 
\ce   attributable  to  lower  wood  quality  used  in  panels  shown  in  table  17.   Levels  for 
£)R,  MOE ,  and  IB  (internal  bond)  for  many  panels  still  exceed  current  Canadian  and 
merican  standards  given  in  table  12. 


j    Panels  made  from  various  kinds  of  flakes  arc  compared  in  table  17.   lUng-flake 
!0.nels  generally  have  reduced  MOR  and  MOI:  levels  compared  to  disk-flake  panels,  hut  II? 
p  similar.   Ring  flaking  hand-chipped  fingerlings  produces  flakes  tliat  arc  inferior 
p  those  from  disk  flaking,  but  drum-chipped  fingerlings  induce  a  further  reduction  in 
ang  flake  quality  (Heebink,  and  others,  in  press).   Panel  stiffness  (MOE)  again  appears 
St  sensitive  to  the  difference  in  quality  of  ring  flakes  from  hand-cut  fingcrling 
d  drum-chipped  fingerlings.   No  difference  in  linear  expansion  or  thickness  swell  was 
stected  between  ring  flakeboards  and  disk  flakeboards. 

To  consistently  obtain  panels  of  maximum  strength  from  ring  flakes  derived  fiHini 
prest  residue,  the  flakes  must  be  further  separated  during  screening  and  the  longest 
lakes  placed  in  the  panel  surfaces. 
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Table  17. --Mean  strength  properties  for  flakeboards  of  disk  and  ring  flakes  from  forest  residues  containing  decay. 


Flake' 
type 

Initial  condition 

After  accelerated  aging 

Modulus 

of 
rupture^ 

Modulus 

of 

elasticity^ 

Internal 
bond 

Specific 
gravity^ 

Modulus 

of 
rupture^ 

Modulus 

of 

elasticity^ 

Internal 
bond 

Species 

Based  on  thickness  prior 
to  accelerated  aging 

Disk 
Ring" 

0 

,592 
.576 

•,-,,2 

Aspen 

4,465 
2,682 

670 
443 

35 
35 

2,639 
1,834 

594 
368 

3 
3 

Paper  Birch 

Disk 
Ring- 

.589 
.593 

2,156 
1,828 

426 
532 

38 
22 

1,332 
1,204 

243 
240 

3 
2 

Western  Larch 

Disk 
Ring" 

.585 

.577 

2,375 
2,772 

335 
408 

45 
31 

1,332 
1,859 

192 
293 

14 
9 

Douglas-fir 

Disk 
Ring" 

.608 
.622 

4,119 
2,894 

543 
450 

74 
56 

2,880 
1,888 

438 
349 

25 
13 

Douglas-fir 

Disk 
Ring5 

.595 
.596 

2,744 
2,370 

503 
426 

53 
50 

1,776 
1,486 

342 
258 

21 
25 

Douglas-firf58%) 
Western  hemlock 

Disk 
[42°„)  RingS 

.595 
.602 

3,339 
2,883 

487 
410 

46 
54 

2,992 
2,357 

505 
359 

28 
30  1 

Lodgepole  pine 
Dead 

Disk 
Ring- 

.578 
.587 

4,034 
3,096 

594 
469 

32 
59 

2,908 
2,228 

485 
373 

19 

22 

Green 

Disk 
Ring- 

.564 
.590 

3,650 
3,173 

522 
486 

53 

73 

3,079 
2,635 

488 
463 

24 
10 

Disk  flakes;   Logs  reduced  to  2-in-thick  disks--disks  were  reduced  to  flakes  on  a  disk  flaker. 
"^Specific  gravity  based  on  ovendry  weight  and  volume  at  65°o  relative  humidity. 
■'  Corrected  to  a  common  mean  specific  gravity. 

-Ring  flakes:   Logs  reduced  to  fingerlings  on  "spiral  chipper."   Fingerlings  reduced  to  flakes  on  a  ring  flaker 
^  Ring  flakes:   Logs  reduced  to  fingerlings  on  "drum  chipper."  Fingerlings  reduced  to  flakes  on  a  ring  flaker. 


SUMMARY 


Residue  harvesting  for  structural  flakeboard  furnish  should  be  increasingly 
economically  attractive  as  markets  in  the  Rocky  Mountain  area  develop,  structural 
flakeboard  prices  increase,  and  residue  harvesting  costs  fall.   Theoretically,  a 
fingerling  chipper  working  with  one  of  five  proposed  harvesting  systems  could 
deliver  fingerlings  to  the  flakeboard  mill  for  $25  to  $33  per  bone-dry  ton  for 
systems  other  than  cable  yarders. 

The  conversion  of  residue  to  fingerlings  at  the  logging  site  for  simplified 
handling  and  hauling  appears  to  be  attractive  technically  and  economically.   A  modifiec 
drum  chipper  and  a  spiral  chipper  can  produce  fingerlings  in  the  woods  or  at  the  mill 
that  can  be  further  converted  to  ring  flakes  for  alined-f lake,  or  random-flake  struct- 
ural flakeboard  that  meets  or  exceeds  commercial  standards  or  Forest  Service  standards 
Experimental  alined-flake  flakeboard  made  from  f ingerling-derived  flakes  achieved  mean 
strengths  above  5,500  psi  and  stiffnesses  (MOE)  above  750,000  psi.   Mean  strengths 
of  random-flake  panels  were  above  4,000  psi  and  stiffnesses  (MOE)  above  600,000  psi. 
Because  f ingerling-derived  ring  flakes  are  inferior  to  disk  flakes,  high-strength 
structural  flakeboards  should  employ  disk  flakes,  or  else  the  longest  ring  flakes 
should  be  positioned  in  the  board  surface. 


A  modified  drum  chipper  with  a  200  hp  engine  was  estimated  to  produce  3/8-inch- 
thick  fingerlings  from  large  diameter  residue  at  a  rate  of  50  tons  per  hour.   Smaller 
residue  (1-9  in)  can  be  reduced  to  fingerlings  in  a  spiral  chipper  at  an  estimated 
rate  of  15  tons  per  hour  (60  percent  feed  rate). 
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APPENDIX  A 

Special  Equipment 


The  following  section  depicts  (fig.  13-16)  some  of  the  special  equipment  involved 
in  this  study. 


gvre  13. — Droit  Feller-Bunaher,   Model  40  LC.      The  tree  is  severed  at  the  base  hj   the 
shear,    and  controlled  for  bunahinj  by   the   looking  arm. 


•ure  14. — BM  Volvo  SM-880  Processor.      The  felled  tree  is  grappled  and  returned  to   the 
'.aiding  arm.      On  the  return  travel  of  the  boom  for  the  next  tree,    the  tree  in   the 
lolding  arm  is  prelimbed  by  the  knives  on  the  edge  of  the  grapple  arms;    the  tree  is 
■hen  automatically  transferred  to  the   limber  feed  rolls  and  pulled  tlvrough  two 
U'aparound,   belt-type  knives.      The  tree  is  topped  by  a  circular  saw. 

I 
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Fig-ure  15. — Logma  T-SIO  Limber-Bunaher .  Felled  trees  are  grappled  by  the  front  set  of 
limbing  knives  and  drawn  top  first  toward  the  machine.  When  the  point  of  minimum  to 
diameter  is  located  under  the  rear  set  of  knives,  these  grapple  the  tree  and  hold  it 
while  the  top  is  sheared.  With  the  rear  set  of  knives  holding  the  tree,  the  boom  i 
extended  and  the  front  set  of  knives  moves  down  the  stem,   removing  the  limbs. 


LIMBING   BOOM 


LIMBING   UNIT 


ENGINE  AND 
POWER  TRAI 


OPERATORS   CAB 


TREE  COLLECTOR 


FELLING   HEAD 

Figure  16. — Timber jack  RW-20  tree-length  harvester. 

transports  whole  trees. 


Fells,    limbs,   bucks,   and 
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APPENDIX  B 

Operating  Costs 


When  used  to  compare  effectiveness  of  selected  harvesting  systems,  cost  must  be 
omputed  uniforml}'.    Cost  computations  differ  among  owners.   Some  use  st rai ght -  line 
epreciation  and  others  may  use  double  declining  balance  or  sum  of  years  digits.   Also, 
ifferent  allowances  are  made  for  repairs,  maintenance,  etc.   The  F.quipment  Data  Sheet 
orm  attached  (fig.  17)  was  used  for  all  equipment  in  this  report  to  provide  for  more 
leaningful  comparisons.   Tables  [IS  and  19)  show  equi]iment,  operator,  and  crew  cost. 
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FOIIIF'MENT  DATA  SHEET 


Sped  f ications 


Mfg.  _ 

Model 

Engine 


General  Specs. 


Standard  Costs 


Est.  Life  (N; 
Est.  Use/Yr. 


Purchase  Cost  S  Fgt .  (I 

Sal.  Value  (S] 

Fixed 


Ann . 


Dep. 


T_-S 

N 


Ave.  Value  of   I-S(N+1) 
Invest . 


2N 


10%  AVI  for  Int.,  Ins.,  Tx .  and  Storage  _____ 
Repairs  and  Maintenance  (100%  of  Dep.)    _____ 
Total  Ann.  Cost 
Oper.  Hour 

Fixed  Costs  +  Hours  of  Use  

Fuel ,  Lub. ,  etc . 
Total  Cost/Hr. 


Figure  17. — Sample  sheet  for  recording  equipment  data. 
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Table  \^ .  --Estimated  equipment  cost,    ]:>'/:>  prices. 


Depreciation  and 
Operat  ion 


Wages 


Total 


Chain saw 
Warner-Swascy 

Log   All 
Drott    LC-40 

Fel ler-Buncher 
Volvo  SM-880 
Logma  T-310 
RTS  Grapple 

Timber jack  2 SOD 
Skagit  GT-5 
Cat  950  Front 

End  Loader 
Fingerl inger 
Tractor -trailer 
Loader  LC-40 
Harvester 

Timber jack  RW-30 


1.28 

16.65 

16.63 
52.34 
20.85 

9.48 
79.14 

20.75 
12.08 
12.28 
16.65 

18.71 


-Dollars- 
5.50 

7.80 

7.80 
7.80 
7.80 

7.20 
7.80 

7.80 
7.20 
7.20 
7.80 

7.80 


6.78 

24.45 

24.85 
40.14 
28.65 

16.68 
86.94 

29.53 
19.28 
19.48 
24.43 

26.51 


No  longer  available. 


Table  19 .  --Estimated  crew  cost,    WZ-"'  wages. 


Base 


Wages 
>20?6   Bf^PR' 


Total 


-Dollars- 


Heavy  equipment  operator 

Light  equipment  operator 

Choker  setter 

Knot  Bumper 

Rigger 

Truck  driver 

Foreman 


6.50 
6.00 
5.50 
5.50 
5.50 
6.00 
7.00 


1.30 
1.20 
1.10 
1.10 
1.10 
1  .20 
1.40 


7.80 
7.20 
6.60 
6.60 
6.60 
7.20 
8.40 


Skagit  crew 
1  Operator 

1  Knot  Bumper 

2  Riggers  (Trees  are  rigged  ahead  of  logging  sets.) 
2  Choker  Setters 

IT 


Benefits  and  payroll  cost. 
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RESEARCH  SUMMARY 

Three  different  skidding  methods — small  rubber-tired  skidder,  horse, 
small  tracked  tractor — were  compared  in  an  overmature  lodgepole  pine 
stand  in  Montana.  Five  comparable  units  were  logged  using  two  different 
utilization  standards — loggers'  choice  and  2  1/2-inch  topd.i.b.  Skidding 
production,  product  volume  removed  per  acre,  and  residue  volume  per  acre 
are  compared  for  each  cutting  unit.  Skidding  costs,  in  order  of  increasing 
costs  were  rubber-tired  skidder,  horse,  and  then  farm  tractor.  On  a  capital 
investment  basis,  horse  skidding  is  the  most  efficient. 


INTRODUCTION 


During  the  1975  economic  recession,  Ravalli  County,  Montana,  was  an  area  of  hit'Ji 
UT,iplo\Tnent .   The  Ravalli  County  Resource  Conservation  and  Development  ("ommittce 
vCilD) --part  of  the  Rural  Area  Development  Program-- located  in  Hamilton,  began  seeking 
.\ins  for  stimulating  employment,  particularly  among  farm  and  ranch  workers  chronically 
KiiijUoyed  during  the  long  winters. 

One  promising  answer  lay  in  expanding  the  logging  of  tlie  large  stands  of  lodgepole 
iiie  on  the  Bitterroot  National  Forest.   The  staiids  were  underutilized  at  the  time,  and 
ulividual  trees  were  of  a  size  that  could  be  skidded  witli  eciuipment--al  so  often  idle 
1  winter--found  on  many  ranches  and  farms.   Many  ranchers  who  owned  timber  suiiplementcd 
leir  incomes  by  logging  during  the  winter.   Creating  similar  work  for  others  seemed  a 
ikely  way  to  reduce  unemployment. 

The  RC(iD  Committee  enlisted  the  assistance  of  the  staff  of  tlie  Bitterroot  National 
direst  and  the  Intermountain  Forest  and  Range  Experiment  Station's  Forestr)'  Sciences 
iboratory  in  Missoula.   Two  studies  resulted  from  this  coojierative  effort.   A  study  by 
?nson  and  Strong^  evaluated  the  acreage,  volume,  and  product  potential  of  lodgepole 
::ands  on  the  Bitterroot  National  Forest.   I'lie  second  study  is  the  subject  of  tliis  report 

The  study  reported  here  had  two  objectives:  (1)  examine  the  feasihilit)-  of  using 
:|iexpensive  skidding  equipment  in  a  small-stem  lodgepole  pine  stand  in  western  Montana, 
iid  (2)  determine  forest  residues  volumes  (unused  wood)  resulting  from  different  ground 
xidding  methods  and  utilization  standards.   Preharvest  volumes,  volumes  removed,  re- 
:.dues  left  on  the  ground,  and  unusable  material  hauled  from  the  site  were  determined 

)r  various  utilization  standards.   The  efficiency  of  skidding  with  a  horse,  small 

■actor,  and  small  rubber-tired  skidder  were  compared. 

Benson  and  Strong^  reported  the  volume  and  product  potential  of  mature  lodgepole 
].ne  stands  on  the  Bitterroot  National  Forest.   Mature  lodgepole  pine  stands  cover 
<■  ,688  acres,  of  which  only  44,147  acres  are  available  for  timber  harvest.   The  cubic 
"'plume  on  these  44  thousand  acres,  3  inches  and  larger  in  diameter,  is  segregated  as 
Hallows : 

Million  ft"^ 

Standing  green  91.5 

Standing  dead  26.7 

Down  65.8 

Total  181.8 

Suitable  for  solid  wood  products  122..S 

Suitable  for  fiber  56.1 

Not  usable  ^'^•_A 

Total  181.8 


1    1  Benson,  R.  E.,  and  R.  A.  Strong.   Wood  product  jiotential  in  mature  lodgejiolc 
]ine  stands,  Bitterroot  National  Forest.   USDA  I'or.  Serv.  Res.  I'ap.  iNT-r.)4,  16  p. 
termt.  For.  and  Range  Exp.  Stn.,  Ogden,  Utah. 


This  is  further  segregated  into  product  groups: 

Product  Million  pieces 

Standing         Down 
Green  Dead  Dead  Total 


llouselogs 

1.4 

0.3 

0.4 

2.1 

Corral   rails 

6.0 

1.4 

1.1 

8.5 

Fenceposts 

12.7 

1.1 

1.2 

15.0 

Pure  stands  of  lodgepole  pine  are  a  major  component  of  forest  lands  in  the  Rocky 
Mountains.  The  stands  consist  of  numerous  stems  per  acre,  which  are  small  diameter,  5S 
inches  d.b.h.  Frequently  about  half  the  per-acre  volume  is  dead  standing  and  down  tr^( 
Table  1  points  out  the  size  classes,  volumes,  and  sizes  of  these  stands.  Thirty-two  ' 
billion  board  feet  of  sawtimber  occur  on  7.4  million  acres.  In  general,  a  large  porti 
of  these  stands  are  marginally  operable  because  of  high  logging  costs. 

Because  lodgepole  pine  comprises  so  much  of  the  forests  of  western  North  America,!  ijj 
there  is  growing  interest  in  alternatives  to  the  large,  expensive  tractors,  skidders,  ^ 
and  harvesters  commonly  used  for  harvesting  timber.   Close  utilization  of  the  stands,  \^. 
both  as  a  means  of  extending  wood  supplies  and  as  a  means  of  disposing  of  the  large  vd 
and  deadwood  associated  with  overmature  timber,  is  also  of  wide  concern.   Therefore  tl 
results  of  this  study  should  be  useful  beyond  the  original  purpose  and  scope  of  the  w«  „. 

i  i 

!  iitt 

'■    ssa 

Table  I . --Lodgepole  pine  stand  statistics  for  Rocky  Mountain  area 


Diam. 

class            : 

North.    Idaho 

:      South.    Id 

iho 

West.   Montana      : 

East.   Montana 

GROWINfi   STOCK 

(MM   FT^) 

5.0-6.9 

418.1 

560.7 

1,534.0 

876.4 

7.0-8.9 

479.4 

561.5 

1,620.0 

1,076.0 

9.0-10.9 

360 . 4 

502.7 

1,235.9 

870.1 

Wyoming    :   Colorado 


418.5  658. 6 
435.4  454.3 

403.6  375.3 

Total        1,257.9           1,624.9          4,389.9           2,022.5            1,257.5  1,488.2 

NET  SAWTIMBER  VOLUME   (MM  BD.  FT.)  INT.  1/4-INCH  RULE 

9.0-10.9    1,795.8           2,812.2          5,738.4          4,251.5             2,178.2  2,301.2 

11.0-12.9    1,307.0           1,924.1          3,221.2          2,944.6             1,472.3  1,844.4 

Total        3,102.8           4,736.5          8,959.6          7,196.1             3,650.5  4,145.6 

AREA  IN  M  ACRES 

NF      PVT        NF      PVT       NF     PVT         NF     PVT        NF      PVT  NF     PVT 


SOURCE:   Green,  A.  W. ,  and  T.  S.  Setzer.   1974.   The  Rocky  Mountain  timber  situation,  1970.   USDA  For.  Serv. 
Res.  Bull.  INT-10.   Interrat.  For.  and  Range  Exp.  Stn. ,  Ogden,  Utah. 


Pole 

4  38.4 

64.7 

213.3 

18.5 

1,145.6 

328.2 

645.4 

148.5 

460.9 

31.7 

237.2 

267.3 

Saw. 

115.7 

30.9 

703.4 

22.2 

615.2 

41.0 

803.3 

116.8 

418.5 

57.1 

359.1 

71.9 

Total 

554.1 

95.6 

■916.7 

40.7 

1,760.8 

369.2 

1,448.7 

265.3 

879.4 

88.8 

596.3 

339.2 

II 


ll 


STUDY  AREA  DESCRIPTION 


The  study  area  consists  of  five  cutting  units  located  on  the  Bitterroot  National 
11-c'St  about  20  miles  from  Hamilton,  Montana  (fig.  IJ.   A  well -traveled  road  formed  the 
-i-.er  boundary  of  the  cutting  units.   (This  road  is  also  tlie  up]ier  boundary  of  a 
'?signated  roadless  area.) 

The  study  area  was  selected  for  uniformity  of  terrain  and  timber  stand.   Elevations 
inged  from  6,700  to  7,040  feet  above  sea  level.   The  logged  slopes  ranged  between  20 
■id  45  percent.   All  five  units  were  situated  in  a  stagnant,  overmature  120-year-old 
idgepole  pine  stand.   (The  cover  photo  of  this  report  shows  stand  condition  prior  to 
utting.)   The  silvicultural  prescription  was  to  clearcut  and  burn  the  slash,  if  ncc- 
i;sary.   Individual  cutting  units  ranged  from  1.13  to  1.65  acres. 


-);:=  BLACK  BEAR 
POINT 


20  miles 
to  Hamilton 


TWO  BEAR 
HAZARD  REDUCTION 
AREA 


0  Skalkaho 


T4N  R  19W 

MPM 


Not  drawn  to  scale 


Figure   1. — Study  area   location. 


PREHARVEST  INVENTORY 


Inventory  data  are  presented  for  each  unit  in  four  stages:  preharvest,  harvest, 
postharvest  and  final  product  recovery.  Average  tree  sizes  and  volumes  for  the  diffeii 
units  were  similar  (table  2).  D.b.h.  ranged  from  5.5  to  9.5  inches  for  all  trees  in  t 
five  units.  The  mean  tree  volume  was  6.0  to  8.3  ft^  for  green  trees  and  2.7  to  5.2  ffi 
for  dead  trees.  The  cubic  volume  per  acre  for  the  various  units  varied  between  4,104 
and  5,588  ft 2.  Preharvest  inventory  provided  a  baseline  for  measuring  residue  cleanuji 
efficiency. 


Procedures  described  by  Brown  (1974) ^  were  used  in  preharvest  and  postharvest 
inventories  of  downed  material.   This  procedure  consists  of  measuring  down  material 
along  a  random  line  and  converting  measurements  to  cubic  volumes. 

Table  2. --Preharvest  inventory 


ml; 
ipt: 
fl 
liei 
k\ 


Unit   No. :  1  :  2  :  3:4  :  5  :        Total 

Size    (acre)  1.13  1.57  1.54  1.65  1.50  7.39 

STAND  VOLUME  (FT^)-/ 


Standing 

1,596 

2,599 

3,004 

4,877 

3,598 

15,674 

Down 

4,669 

5,844 

5,601 

4,017 

2,949 

21,080 

Total 

6,265 

6,443 

8,605 

8,894 

6,547 

36,754 

Vol  per  acre 

5,544 

4,104 

5,588 

5,390 

4,365 

MEAN  TREE  VOLUME  (FT 3)-'^ 


Green 
Dead 


Mean 
Range 


8.3 

7.1        7.3 

6.0 

6.5 

5.2 

4.8        4.1 
TREE  D.B.H.  (INCHES) 

2.7 

4.1 

7.1 

6.8        7.0 

6.4 

6.4 

5.5-9.5 

5.6-7.7     5.6-8.8 

5.7-7. 

2 

5.9-7.4 

II' 


—  Stand  gross  volume  to  2  1/2  inch  top  d.i.b. 

2/ 

—  Whole  tree  gross  volume  to  2  1/2  inch  top  d.i.b. 


^Brown,  J.  K.   1974.   Handbook  for  inventorying  downed  woody  material.   USDA  Fo  "j 
Serv.  Gen.  Tech.  Rep.  INT-16,  24  p.   Intermt.  For.  and  Range  Exp.  Stn.,  Ogden,  Utah,  j 


HARVESTING  ACTIVITY 


Production  was  determined  for  three  different  ground  skidding  systems  in  five 
o;',ging  units  skidded  as  follows: 


Logging  Unit 

1 
2 
3 

4 

5 


Skidding  System 

Rubber-tired  skidder 

Small,  tracked  tractor 

Horse,  Rubber-tired  skidder 

Horse 

Rubber-tired  skidder 


Unit  5  was  originally  assigned  to  be  horse  skidded.   Excessive  steepness  prevented 
;orse  skidding  the  entire  unit;  hence,  tlie  rubber-tired  skidder  was  used  on  part  of 
Ihat  unit. 


The  sale  originally  specified  a  2  1/2-inch  minimum  top  diameter  and  green  material 
nly.   This  was  later  changed  to  "logger's  choice,"  which  meant  the  purchaser  had  the 
ption  of  taking  or  leaving  any  of  the  dead  material.   Green  tree  lengths  were  utilized 
p  to  the  legal  hauling  length  limit  of  50  feet  and  some  lengths  exceeded  this  limit, 
'here  was  no  diameter  limit.   For  dead  material,  the  minimum  top  diameter  was  2  1/2 
nches  and  tlie  trees  had  to  be  free  of  rot.   Table  5  summarizes  the  operating  conditions 
or  each  unit. 

Table  5. --Operating  constraints  and  practices  for  each   logged  unit 


Jnit 


Utilization 
standard 


Full  tree, 
green  and 
sound  dead 

Full  tree, 
green  and 
sound  dead 

Full  tree, 
green  and  sound 
dead 

2  1/2-inch  top 
d . i .b. ;  green 
material 

2  1/2-inch  top  d.i.b.; 
green  material . 
(Some  dead  removed 
for  roadside  decking.) 


Prelog 
activity 


Stumps  to  ground 
level;  direct  fall 
uphil 1 

Stumps  to  ground 
level;  direct  fall 
uphill 

Stumps  to  ground 
level;  direct  fall 
uphil 1 

Stump  height ; 

less  than  12  inches 


Stumps  to 
ground  level; 
direct  fall 
uphill 


Skidding 
constraints 


None 


None 


Steep  portion 
required  diagonal 
slope  skidding 

Skidding  followed 
prepared  skid 
trai Is 

None 


The  usual  procedure  for  skidder  and  tractor  methods  was  to  skid  at  least  a  full 
truckload,  then  load  the  material  and  haul  it  out  on  the  way  home  at  the  end  of  the 
shift.   Hence,  the  workday  consisted  of  driving  the  truck  to  work,  skidding  until  1  or 
2  p.m.,  and  loading  and  hauling  the  material  to  a  sawmill  or  post  and  pole  plant. 
Normal  procedure  was  to  start  at  a  fixed  time,  7:30  a.m.,  but  skidding  time  ended  when 
the  operator  assumed  he  had  enough  time  and  material  to  load  his  truck  by  4:30  p.m. 
Consequently,  skidding  time  ended  from  1:05  to  3:30  p.m.,  with  an  average  quitting  time, 
2:03  p.m.   With  a  60-rainute  lunch  period,  this  represents  a  normal  skidding  day  of  5 
hours  and  33  minutes,  with  2  hours  and  27  minutes  for  loading. 


SKIDDING  PRACTICES 


Rubber-Tired  Skidder 

The  rubber-tired  skidder  was  a  Garrett  Tree  Farmer  Model  15,  with  a  60-horsepower 
engine.  Total  operating  costs,  itemized  in  the  appendix,  amounted  to  $10.18  per  cunit 
(100  ft^]  skidded. 

Felling  was  done  to  favor  the  skidding  operation.   All  trees  were  felled  uphill, 
with  stumps  being  cut  as  close  as  possible  to  the  groundline  to  allow  the  skidder  to 
travel  anyplace  on  the  unit.   This  extra  effort  facilitated  the  skidding  operation. 


H 


a 


On  unit  5,  boles  were  bucked  at  2  1/2-inch  diameter  when  felled.   Unit  1  was  full- 
tree  skidded  except  where  the  trees  obviously  exceeded  legal  hauling  length.   Hooking, 
skidding,  and  unhooking  were  all  done  by  the  skidder  operator.   Chokers  consisted  of  hi 
tensile  chains  with  slider  hooks.   This  permitted  winding  around  the  pieces  so  the 
pieces  would  be  straightened  out  when  bunching  the  turn  together.   Hence,  it  was  possib 
to  handle  a  large  number  of  pieces  per  turn. 

The  lower  boundary  of  all  the  units  was  a  well-traveled  road--especially  so  during 
hunting  season.   This  road  was  used  as  a  landing  for  all  five  units.   The  sale  contract 
required  the  purchaser  to  keep  the  road  open  for  through  traffic.   Unit  5  was  skidded 
during  hunting  season.   This  unique  situation  necessitated  that  time  spent  on  the  land-  , 
ing  be  considered  as  a  separate  production  element  so  total  round-trip  time  would  not  It 
affected. 

Horse  Skidding 

Only  the  lower  third  of  unit  3  was  horse  skidded  because  the  upper  two-thirds  of 
the  unit  was  too  steep.   The  logs  tended  to  slide  into  the  horses  on  a  straight  downhi 
pull  and  the  units  were  too  narrow  to  efficiently  zigzag  skid  trails.   Unit  3  was  fin- 
ished with  the  rubber-tired  skidder  after  a  trial  with  the  farm  tractor.   Unit  4  was 
completely  horse  skidded. 

On  unit  3,  trees  were  cut  at  the  groundline  and  felled  uphill  to  simplify  the 
skidding  operation.   Felling  on  unit  4  was  done  with  no  consideration  for  horse  skid 
trails.   Consequently,  as  skidding  proceeded  into  unit  4,  skid  trails  had  to  be 
cleaned  out  and  high  stumps  cut  at  groundline  to  prevent  stump  hangups. 

Because  of  the  small  timber,  a  single  horse  sufficed  for  skidding.   A  log  chain 
with  a  slip  hook  at  one  end  for  the  log  and  a  grab  hook  at  the  other  end  attached  to 
the  single  tree  was  used  to  hook  the  logs.   The  landings  for  these  units  (3  and  4)  wei . 
situated  so  as  to  minimize  the  necessity  of  clearing  the  road  for  traffic. 


: 


Although  only  one  horse  at  a  time  was  used  for  skidding,  the  operators  luid  a 
elief  horse,  and  horses  were  changed  approximately  every  2  hours.   Generally,  on  a 
ross  time  basis,  skidding  was  carried  on  for  about  6  hours  per  day.   One  oi)erator 
orked  his  horses  from  7:00  a.m.  until  5:00  p.m.,  with  two  half-hour  rest  periods  and 

one-hour  lunch  break.   The  other  operator  worked  8:30  a.m.  until  around  5:00  p.m., 
ith  variable  rest  and  lunch  breaks.   On  an  8-hour  workday  liasis,  horse  skidding  cost 
77.52  per  day  or  $12.48  per  cunit. 

Tractor  Skidding 

The  tree  felling  operation  for  the  tractor  consisted  of  cutting  the  trees  at  ground 
jevel  and  pushing  them  uphill.   Bucking  that  was  necessary  to  meet  legal  load  length 
as  done  on  the  truck  rather  than  on  the  logging  unit.   (The  hooking,  bunching,  skidding, 
phooking,  and  landing  operations  were  similar  to  the  rubber-tired  skidder  operations.) 

The  tractor  was  a  25  hp  John  Deere  Model  420,  which  is  a  fairly  common  size  for 
ight  ranch  work  in  the  area.   The  operator  was  the  same  person  who  operated  the  rubber- 
ired  skidder.   Thus,  it  is  reasonable  to  assume  that  the  nonoperating  functions  would 

closely  com.parable  for  both  methods.   Also,  the  differences  in  travel  times  should 
;  free  of  operator  performance  differences.   At  a  cost  of  $79.26  per  day,  the  track 
bidding  cost  $15.70  per  cunit. 


STUDY  RESULTS 


Inventory  of  wood  on  the  units  prior  to  harvesting,  measurement  of  material  re- 
ved,  and  reinventory  of  the  units  after  harvesting  provide  a  basis  for  describing 
j:ilization,  product  recovery,  and  residue  remaining. 

Heirvesting  Statistics 

Harvest  volume  is  the  total  cubic  volume  skidded  to  the  landing.   Except  for 
■iproximately  126  ft^  of  fuelwood  left  in  a  cold  deck,  all  the  material  skidded  to  the 
inding  was  loaded  out  and  hauled  to  a  sawmill  or  post  and  pole  plant.   This  material 
'IS  classified  as  green  or  as  dead.   Table  4  shows  the  material  removed  from  each  unit, 
kd   material  remaining  as  residue  on  the  site.   Figure  2  is  a  distant  view  of  unit  4 
right)  and  unit  5.   Figures  3  and  4  show  closeups  of  residues  on  unit?  4  and  5, 
:?spectively. 

Volumes  of  net  usable  material  were  determined  from  a  computer  program  designed 
■)  calculate  products  and  volumes  from  each  piece  loaded  out.   Three  inspections  at 
le  log  yard  confirmed  program  reliability. 

"Yard  residue"  refers  to  the  amount  of  cull,  or  nonutilized  material,  hauled  to 
le  mill  or  post  yard.   Material  removed  from  units  1  and  2  contained  a  large  proportion 
I  unutilizable  material,  according  to  the  program.   Much  of  this  "yard  residue"  was 
sposed  of  as  free  firewood. 


The  residue  removal  ratio  compares  tlie  volume  of  yard  residue  to  total  (logging 
us  yard)  residues.   A  high  ratio  suggests  a  clean  logging  job.   Tliat  is,  logging 
i:sidues  have  been  carried  to  the  yard.   The  difference  is  illustrated  by  tlic  high 
li'oduct/residue  ratio  of  6.56  for  unit  5. 


Table  4. --Volume  removed  and  volume  remaining  after  logging 


Total 


Area  (acre) 


1.13 


1.57 


1.54 


1.65 


1.50 


7.39 


Live 

Dead 

Total 

Product     T , 

Yard  residue- 

- 1 

Product/yard 

resi 

due 

ratio 

4,678 
2,393 
7,071 

3,006 
4,065 


.74 


Average  piece  volume(ft^)  4.73 


Logging  residue 
volume/acre-ft- 


1,425 
1,261 


1/ 


INVENTORY  IN  FT- 

858 
1,121 
1,979 

1.694, 
285- 


.79  1.63  5.94 

4.51  4.53  5.76 

POSTHARVEST  INVENTORY  IN  FT^ 


HARVEST-' 

2,381 

4,851 

1,217 

1,103 

3,598 

4,954 

1,588 

3,073 

2,010 

1,881 

1,732 
1,103 


3,539 
1,102 


2,454 
1,487 


2,390 

891 

3,281 

2,847 
434 


6.56 

4.89 


963i/ 


20,883 

12,208 
8,675 


1.41 


64: 


10,113 
1,315 


—  Harvest  volumes  are  based  on  total  volume  of  individual  pieces  loaded  onto  the  truck.   Product 
volume  is  based  on  total  volume  of  individual  products  derived  from  the  material  loaded  onto  the  truck. 

2/ 

—  Yard  residue  =  total  harvest  volume  less  product  volume. 

3/ 

—  Material  from  unit  4  was  to  be  delivered  to  a  sawmill,  while  the  material  from  the  other  four 

units  went  to  a  post  and  pole  plant.   Material  from  units  1,  2,  and  3  were  processed  to  highest  value 
use. 

4/  :i 

—  Does  not  include  a  roadside  deck  of  dead  material  containing  approximately  126  ft^.   This 

material  was  left  as  fuelwood.   The  next  summer  practically  all  this  material  had  been  cut  up  and 
hauled  away. 


Figure  2. — Units  4    (right)   and  5  after  harvesting. 


iuve  2. — Postharvest 
'•esidues  on  unit  4. 
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%gupe  4. — Postharvest 
residues  on  unit  5. 
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PRODUCT  RECOVERY 


Up  to  this  point  material  utilized  has  been  considered  as  a  volume  of  usable  wood. 
The  following  section  considers  the  kinds  of  products  that  can  be  derived  from  this 
volume  and  type  of  wood. 


Utilization  Standards 

This  experimental  sale  originally  specified  utilization  to  a  2  1/2-inch  minimum  top 
diameter  for  green  material.   The  specification  was  later  changed  to  "logger's  choice," 
which  meant  that  the  purchaser  had  the  option  of  taking  or  leaving  any  of  the  dead  mate- 
rial on  the  sale.   For  green  material,  whole-tree  lengths  were  utilized  up  to  the  legal 
hauling  length  limit  of  50  feet,  with  no  minimum  diameter.   Dead  trees  had  to  be  free 
of  rot.   Consequently,  material  that  was  on  the  ground  prior  to  the  falling  operation 
was  not  removed. 

The  minimum  piece  length  skidded  was  long  enough  to  contain  2  or  more  products--2 
houselogs,  or  1  houselog  and  1  studlog,  etc.   The  primary  length  constraint  was  legal 
hauling  length.   Another  consideration  was  the  amount  of  rot  in  dead  material. 

Product  specifications  were  as  follows: 


Sawlog 


Product 

Min 

small-end 
diameter 

Min. 
length 

(Inches) 

.(Feet) 

g 

12 

8 

Studlog 

6 

8 

Houselog 

8 

12 

Fencepost 

1 

6 

7 

2 

5 

6 

3 

4 

6 

4 

3 

6 

5 

2 

5 

Product  recovery,  in  number  of  pieces  and  cubic  volumes,  is  shown  in  table  5. 
Recovery  is  computerized,  based  on  the  length  and  diameters  of  the  material  loaded  fro 
each  unit.   Recovery  is  optimum  because  material  is  allocated  to  its  most  valuable 
end  use.   A  sample  estimate  of  the  products  at  the  plant  site  showed  that  the 
actual  multiproduct  recovery  was  as  good  as  the  programed  recovery  because  of  close 
tolerances  in  cutting  out  the  products.   For  instance,  some  houselogs  were  actually  a 
scant  8  inches  in  diameter  and  some  7-foot  posts  were  5  3/4  inches  in  diameter.   It  wa 
not  possible  to  get  an  accurate  yard  tally  because  products  were  mixed  in  the  yard. 

Recovery  of  larger,  more  valuable  material  was  quite  high--31  percent  of  total  re 
covered  volume--for  the  tree  sizes  involved.   On  the  other  hand,  the  large  proportion 
of  posts  represents  product  recovery  beyond  what  might  be  expected  by  a  single  product 
studlog  operation.   This  table  shows  that  the  so-called  unusable  tops  do  have  some  us(  • 
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J 


I'ahh 


-Product  ve<^ove)'if  -   mmher  of  pie<H?s  and  vol.wvc   in  ft'' 


Unit 


Total 


Product 

Saw   log-number 
House  log -number 
Stud  log -number 
Number  pieces,    total 
Cubic    voKime,    total 

jFencepost 

Class-1 


4 
5 

^lumber  pieces 
ubic  volume 


1 

3 

1 

3 

) 

1  1 

66 

36 

81 

50 

61 

T?-? 

350 

154 

356 

1  96 

257 

1,31 3 

417 

193 

439 

229 

323 

1,601 

976 

400 

932 

496 

1,015 

3 ,819 

34 
529 
680 
613 
632 

2,488 
2,030 


Total  pieces-product  2,905 
Total  volume-product  3,006 
'ieces   hauled  1,495 


26 
270 
395 
386 
359 

1,4  36 
1,188 

1,629 
1,588 

797 


14 
472 
643 
635 
558 

2,322 
2,141 

2,661 
3,073 
1,313 


5 
257 
370 
380 
24  0 

1,252 
1,198 

1,481 

1  ,694 

326 


7 
335 
404 
4  32 

375 

1,553 
1,832 

1,876 

2,847 

671 


9 

04  1 

8 

389 

10 

642 

12 

208 

4 

602 

69° 


'roduct    specifications: 


Sav^'  log 

= 

12- 

inch 

diameter 

Studlog 

= 

6- 

inch 

diameter 

[louselog 

= 

8- 

Lnch 

diameter 

Fencepost 

1  = 

6- 

inch 

diameter 

Fencepost 

2  = 

5- 

inch 

diameter 

Fencepost 

3  = 

4- 

inch 

diameter 

Fencepost 

4  = 

3- 

Lnch 

diameter 

Fencepost 

5  = 

1  _ 

inch 

diameter 

8- foot  lengtli 

8-foot  length 

12-foot  length 

7-foot  length 

6- foot  length 

6-foot  length 

6-foot  length 

5-foot  length 


The  number  of  pieces  hauled   from  the  woods  was    less   than  half    (43  percent)    the 
rubber  of  pieces   finally  derived   from  the  material.      Tliis   indicates   how  whole-tree 
Igging  can  reduce  handling  costs.      Whole-tree   logging  also  permits   efficient    product 
coices,    which   improves  product   values.      Conversely,    multiproduct   utilization   permits 
fll-tree   logging,    which  reduces  handling  costs  up  to   the  product-bucking  operation. 


Residue  Utilization  Analysis 

As  defined  earlier,  residues  are  any  unused  wood  materials.   Harvest  residues  are 
sash.   Yard  residues  are  the  residues  left  in  the  post  yard.   In  the  fall  of  1973,  post 
dmand  was  high.   The  incremental  cost  of  handling  yard  residues  miglit  be  considered 
aj  the  additional  cost  incurred  to  assure  maximum  material  recovery. 

The  total  product/yard  residue  ratio  indicates  the  proportion  of  all  the  material 
hjuled  from  the  logging  site  that  was  usable.   Conversely,  the  reciprocal  of  the  ratio 
idicates  the  proportion  of  the  hauled  material  that  was  yard  residue.   Total  logging 
r'sidue  was  only  slightly  higher  than  the  total  yard  residue.   This  indicates  that 
aDut  46  percent  of  all  the  residues  generated  on  all  five  units  was  hauled  away. 
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HARVESTING  PRODUCTION  ANALYSIS 


Regression  Analysis 


I 


Harvesting  production  was  analyzed  using  regression  analysis  of  important  variables 
Time  was  the  dependent  variable.   The  different  independent  variables  were  number  of 
pieces  per  turn,  skidding  distance,  and  volume  per  turn.   A  prediction  equation  is  of 
the  form 


Y  =  b 


biX 


Where  b  is  the  intercept  and  b^  is  the  slope  of  the  line.   Table  6  shows  the  regressior 
coefficients,  b  and  b^,  R^  and  the  F-statistic  for  all  three  skidding  methods.   R^ 
indicates  how  important  the  specific  independent  variable  is  in  explaining  the  varia- 
tion of  the  equation.   The  F-statistic  was  used  to  test  the  significance  of  the 
regression. 

Cases  where  the  regression  is  not  significant  indicate  that  the  data  do  not  fit  a 
straight  line,  or  that  there  is  no  relationship  between  the  variables  compared  in  that 
instance.   Scatterplots  of  the  data  were  examined  in  these  nonsignificant  cases.   The 
independent  variable  did  not  appear  to  affect  the  dependent  variable,  time. 

Table  6  shows  that  distance  has  very  little  effect  on  travel  time  in  and  out.   In 
this  study  the  range  of  distances  was  too  limited.   However,  it  does  appear  that  distan 
affects  travel  time  more  for  the  skidder  and  tractor  than  for  the  horse.   Number  of 
pieces  per  turn  had  more  effect  on  hook  time  for  the  skidder  and  tractor  than  for  the 
horse.   (This  is  partially  explained  by  the  fact  that  the  horse  crew  had  a  helper 
getting  the  next  drag  ready  for  hooking.)   Roundtrip  time  is  more  dependent  on  volume 
per  turn  for  the  skidder  and  tractor  than  for  horse  skidding. 


Table  b .- -Prediction  equation  regression  coefficients,   R^ ,   and  F  for  skidding  production 


X 

Ska 

dder 

Horse 

Tractor 

Dep.  var.  Y 

:    b 

0 

bl 

R2 

F 

b 

0 

bl 

R2 

F 

b 

0 

bl 

R2 

F 

Time  out 

Dist. 

1.38 

0.006 

0.22 

43.1* 

1.34 

0.001 

0.05 

4.5* 

1.63 

0.006 

0.21 

18.5* 

Time  in 

Dist. 

1.06 

.006 

.22 

44.8* 

.78 

.006 

.17 

16.8* 

1.24 

.008 

.20 

17.0* 

Time  in 

NP 

2.24 

.02 

.005 

.81 

1.55 

.07 

.02 

2.0 

2.42 

.08 

.04 

3.1 

Hook  time 

NP 

1.05 

.54 

.35 

83.9* 

1.50 

.14 

.18 

17.7* 

.31 

.62 

.72 

175.2* 

Unhook  t  ime 

NP 

1.12 

.06 

.03 

4.8* 

.27 

.04 

.11 

9.4* 

.58 

.15 

.28 

26.0* 

RT  time 

NP 

10.8 

.60 

.16 

30.6* 

7.46 

.23 

.08 

7.4* 

6.63 

1.3 

.58 

95.0* 

RT  time 

vol/tiirn 

11.5 

.12 

.15 

27.8* 

7.63 

.04 

.07 

6.2* 

7.11 

.28 

.56 

85.3* 

Y  =  b^  *  biX 

*  indicates  significance  at  0.05  probability  level 

RT  =  round  trip 

NP  =  number  of  pieces 
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Multiple  regressions  were  also  run  on  the  data,  with  round  trip  time  as  the  dc])end- 
ent  variable  and  various  combinations  of  distance,  number  of  ])ieces,  volume  per  |)icce 
and  volume  per  turn  as  the  independent  variables.   The  ecjuations  are  of  the  form: 

Y  =  b   +  biXi  +  b2X2  +  b3X3  +  bt^Xti 

The  results  are  summarized  in  table  7.   All  regressions  are  significant  at  tlic  O.OS 
probability  level. 


Table  1 .  - -!4ultiple  regression  intercepts,   coefficients,   R^  and  F-statistic 

J/ 


for  skidding  production- 


b 
o 


itercept  Distance  No.   Pes         Pc  Vol       Turn  Vol 

SKIDDER 


4.08 

0.02 

0.61 

13.85 

.02 

.45 

5.82 

.02 

4.33 

0.14 


0.32 

54.0* 

.40 

49.3* 

.37 

66.2* 

HORSE 


4.19 
2.57 
•4.03 


.41 

31.97 

.53 


.02 

.16 

.29 

20.1* 

.02 

.14                  .33 

.51 

14.4* 

.02 

TRACTOR 

.04 

.30 

21.6* 

.03 

1.2 

.70 

78.8* 

.03 

1.2               -6.84 

.71 

54.9* 

.03 

.26 

.68 

72.8* 

fi-     Subscripts  refer  to  following  variables: 
^  0  -  intercept 

1  -  distance 

2  =  number  of  pieces  per  turn 

3  =  volume  per  piece 

4  =  volume  per  turn 

Indicates  significance  at  0.05  probability  level 


Using  R  as  a  measure  of  reliability,  table  7  suggests: 

1.  multiple  regression  does  not  improve  the  reliability  of  prediction  etiuations: 

2.  although  the  reliability  of  the  prediction  equation  for  the  rul-ihci--t  ired 
idder  and  horse  is  quite  low,  it  is  high  for  the  tractor  skiddcr. 
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Table  8 .--Average  times  for  logging  tasks  and  character  of  average  turn 
(TOT  =  total  operating  time)    (RTT  =  Round  trip  time) 


Element  (task) 


Skidding  Method 


Skidder 


Min- 
utes 


%  of 
TOT 


0  of 

RTT 


Horse 


Min- 
utes 


%  of 
TOT 


%  of 
RTT 


Tractor 


Min- 
ates 


%   of 
TOT 


'o    of 

RTT 


Time  out 

2.8 

14.0 

15 

8 

1.5 

18.1 

18 

1 

3.3 

12.4 

14.7 

Time   in 

2.5 

12.5 

14 

1 

1.8 

21.7 

21 

7 

3.4 

12.8 

15.1 

Hook   time 

7.2 

36.1 

40 

7 

2.0 

24.1 

24 

1 

7.8 

29.3 

34.7 

Bunch  time 

3.3 

16.5 

18 

6 

2.6 

31.3 

31 

3 

5.6 

21.1 

24.9 

Unhook   time 

1.9 

9.5 

10 

7 

.4 

4.8 

4 

8 

2.4 

9.0 

10.7 

Round-trip   time 

17.7 

8.3 

-- 

22.5 

-- 

Landing   time 

2.0 

10.0 

.0 

.0 

3.7 

13.9 

Total 

Operating  time 

20.0 

8.3 

26.6 

Turn   character 

No  pc/turn 

11.5 

3.7 

12.1 

Dist.    (ft) 

254.0 

164.0 

260.0 

Slope    (%) 

19.0 

22.0 

21.0 

Production 

Pc/8  h 
Vol/8h-ft^ 


168.0 
795.0 


125.0 
621.0 


112.0 
505.0 


Table  8  presents  the  average  times  for  separate  logging  tasks  and  character  of  th  ■ 
average  turn  for  different  skidding  methods.   The  effect  of  labor  can  be  estimated  by 
comparing  the  labor-intensive  tasks--hook  time  and  unhook  time.   Because  bunching  time  !i 
is  part  of  the  hooking  process  for  horse  skidding,  it  is  necessary  to  include  bunching 


for  the  skidder  and  tractor  skidding  for  comparative  purposes, 
trip  time,  which  excludes  landing  time,  was: 


The  percent  of  round 


Hook  time 
Bunch  time 
Unhook  time 
Total 


Skidder 

Horse 
- (Percent )- 

Tractor 

40.7 

24.1 

34.7 

18.6 

31.3 

24.9 

10.7 

4.8 

10.7 

70.0 


60.2 


70.3 


The  total  percentage  of  round  trip  time  was  as  expected.   That  is,  horse  skiddini 
ought  to  be  lower  than  for  the  other  skidding  methods.   The  average  number  of  pieces 
turn  explains  this--3.7  for  pieces  horse  skidding,  11.5  pieces  for  the  skidder,  and 
12.1  pieces  for  the  tractor. 

Table  9  shows  a  production  comparison  on  an  8-hour  shift  basis.  Because  the  shi: 
hours  were  not  the  same  for  all  three  skidding  methods,  the  gross  shift  production  i 
presented  on  an  assumed  8-hour  shift.  Because  horse  skidding  had  no  landing  time,  th i 
will  tend  to  distort  horse  skidding  production  time.  This  distortion  is  eliminated  1 '! 
including  the  column  headed  "%  of  #  RTT",  which  is  percent  of  round  trip  time,  exclud! 
landing  time,  for  all  three  skidding  methods.  I 
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Ta b  1  e  9  .  -  - Prodiia  t  ion 


surnmanj 


Item 


Residue  vol . /acrc-ft^ 
Product  vol . /acre- ft ^ 
Post  material-",  total 
product  vol . 


Skidder 


908 
1,125 

65 


Skidding  Meth od 


Horse 


1,487 
726 

71 


Tractor 


,105 
757 

75 


Man-days/acre 

%   of  skidder 
No.  pcs/8  h  day 
"o  of  skidder 
Vol./S  h  day-Cunit 

°o   of  skidder 
Skidding  Cost/cunit-$ 

1  of  skidder 


6.8 

9.7 

6.9 

100 

145 

101 

168 

125 

112 

100 

74 

67 

7.95 

6.21 

5.05 

100 

78 

64 

10.18 

12.48 

15.70 

100 

123 

154 

CONCLUSIONS 


Residue  Reduction 

Table  9  summarizes  the  study  data.   Altliough  tlie  top  of  table  9  is  related  to 
jjilization  standards  rather  than  skidding  methods,  it  shows  the  residue  volimics  that 
r|sulted.   Assuming  that  the  post  material  would  proliably  be  logging  slasli  on  a 
:nventional  harvest,  at  least  66  percent  of  the  total  products  removed  from  the  area 
Vijuld  have  been  slash.   Or,  through  increased  utilization  the  logging  residues  were 
Cifiuced  to  one-third  or  one-half  times  what  miglit  have  been  left.   Logging  residues 
iVe  been  reduced  further  because  of  the  treetops  hauled  from  the  logging  site,  much  of 
«/;Lch  became  yard  residues.   Tables  2  and  4  show: 


Initial  Volume 

Standing       15,674 
Down  21,080 


36,754  (table  2) 


Volume  removed 

Products       12,208 
Yard  residue    8,675 


10,883    (table   41 


ri;  additional    8,675   ft      of  material    removed   that   was   unsuited    for   solitl   wood   i)roducts 
rtj)resents   24   percent   of  the   total    initial    volume  or   42   percent    of  the   total    material 
rnoved.      The  value  of  this  material   depends  ui)on    local   markets.      At    the   time  of  the 
s|tidy  the  post  market   was  very  good.      Some  of  the  material    classed   as  unusable  was 
Up  for   small,    electric -wire  fenceposts   and    small,    class  5   fcncejiosts.      A    large  part 
ojthe  material   was  disposed   of  as   free   firewood.      During   periods   of  tight    chip 
sijjplies,    the  material   could   be   chipped. 
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Effect  of  Skidding  Variables 

Based  on  the  b,  coefficient  listed  in  table  6,  the  following  observations  can  be 
stated : 


1.  The  rubber-tired  skidder  was  underutilized.  That  is,  the  b^  coefficient  is  t 
same  for  both  directions  of  travel,  emptied  out  and  loaded  in.  Also,  the  number  of  pi 
per  turn  had  less  effect  on  travel  time  in  for  the  skidder  than  for  either  of  the  othe 
two  skidding  methods.  The  average  number  of  pieces  per  turn  for  the  skidder  was  3  tim 
more  than  for  the  horse  and  almost  equal  to  the  number  for  tractor  skidding. 


2.   The  horse  was  utilized  well  because  of  the  difference  in  b^  coefficient  for 
time  out  [0.1  min)  versus  time  in  (0.6  min),  per  hundred  feet  of  skidding  distance. 

There  was  no  appreciable  difference  for  steepness  of  skidding,  except  the  upper  portio 
of  unit  3,  to  permit  any  comparison  of  grade  effect  on  skid  time. 

Capital  Investment  and  Production  Efficiency 

An  important  part  of  this  study  was  to  determine  the  capital  investment  levels  to 
achieve  different  production  levels.   As  it  turned  out,  there  were  only  two  different 
levels  of  investment.   Production  levels,  as  measured  by  number  of  pieces  skidded  per 
day  or  cubic  volume  skidded  per  day,  varied  considerably.   Table  10  is  derived  from 
table  8  and  cost  determinations  in  the  appendix. 


Table  10  shows: 


For  horse  skidding, 

60  percent  of  investment  for  skidder  will  produce 

74  percent  as  many  pieces  per  day  or 

78  percent  of  the  daily  volume  for  the  skidder. 


For  the  small  farm  tractor, 

60  percent  of  investment  for  skidder  will  produce 

67  percent  as  many  pieces  per  day,  or 

64  percent  of  the  daily  volume  for  the  skidder. 

Table  10 .- -Produation  and  capital  investment  comparisons 


Skidder 


Method 


Horse 


Tractor 


No.  pieces/day 
%  of  skidder 

Cubic  feet/day 
%  of  skidder 

Investment  (dollars) 
%  of  skidder 


168 

125 

112 

100 

74 

67 

795 

621 

505 

100 

78 

64 

2,500 

1,500 

1,500 

100 

60 

60 
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It  is  apparent  that,  based  on  tliis  case  study,  the  capital  invested  for  skiddinj;  liorses 
is  more  efficient  than  either  of  the  other  two  skidding  methods.   Also,  on  a  cost  ]ier 
cubic  volume  skidded,  the  horse  is  more  efficient  than  the  farm  tractor.   Althougli  it 
is  beyond  the  scope  of  this  study,  alternative  uses  for  the  tractor  could  very  well 
make  it  the  better  choice. 

Land  Management  Implications 

1.  Logging  slash  can  be  reduced  considerably  through  logging  procedures  and 
utilization  standards  that  require  removal  of  small  roundwood  products.   In  fact,  tlie 
slash  disposal  costs  were  minimal.   Pile-and-burn  along  the  road  was  the  only  slash 
:ibatement  work  done. 

2.  For  processing  plants  where  this  material  can  be  used  for  ]iulp  cinps  and  fuel, 
the  yard  residues  can  be  utilized  by  machine-debarking  the  chips.   Further  studies  on 
utilization  economics  of  this  material  are  needed  to  more  fully  evaluate  the  impact  on 
land  management  possibilities. 

5.  An  economical  system  for  operating  in  this  type  of  stand--stagnant  growing 
5tock  size--would  certainly  help  to  get  similar  stands  under  management.  The  Rocky 
lountain  area  has  considerable  acreage  in  this  condition. 

Product  Recovered 

The  product  recovered  is  greatly  dependent  upon  the  piece  diameter  and  length. 
Jucking  out  rot  reduced  product  options  and  values. 

Slash  volume  studies  in  Engelmann  spruce  stands  show  a  50  percent  product  recover)- 
n  saw  log  operations.   This  is  in  higher  value  material  with  normal  utilization  stand- 
ards.  Hence,  it  is  apparent  that  a  recovery  of  12,208  ft^,  or  33  percent  of  total 
Initial  volume,  is  a  reasonably  good  recovery  in  these  stands  perceived  to  be  marginally 
Inoperable.   Mien  considering  the  yard  residues,  the  total  volume  removed,  20,883  ft^, 
^mounts  to  57  percent  of  the  initial  volume. 
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APPENDIX 

Operating  Costs 


The  appendix  shows  how  operating  costs  were  determined.   Tlie  maclvine  costs  have 
en  based  on  values  of  used  machines,  wliile  the  horses  were  considered  as  young  horses, 

The  machines  are  smaller  than  might  normally  be  available.   Also,  these  machines, 
lile  doing  the  job  efficiently,  were  well  past  their  normally  depreciable  life  span. 
eir  replacement  cost  would  certainly  be  much  liigher  than  the  listed  ])urchase  price. 
t,  it  is  unlikely  that  a  new  machine  would  we  used  on  this  type  of  logging  chance, 
nee,  the  listed  purchase  price  relates  to  the  market  values  of  the  machines  when  the 
udy  was  undertaken. 

Tlie  horses  were  priced  at  their  current  age  value.   It  is  assumed  that  tliis  sort 
work  would  be  limited  to  mature,  vigorous  animals  that  bring  higli  prices. 


SKIDDER  OPERATING  COST 

Model  15  Garrett  Tree  Farmer  (1965) 

Purchase  Price  $2,500 

Useful  Life    5  years 

Depreciation  $500/yr  witli  zero  resale. 
$55.56/month  0  9  month/yr 
$2.65/day  0  21  days/month  $2.65 

Interest,  Insurance,  and  Tax  =  lO^o  AAl 

$1,250  X  ICo  =  $125.00  =  70<J-/day  .70 

Tires  =  $500/year  =  265/day  2.65 

Maintenance  ^  Repair  =  $550/year  =  $2.91/day  2.91 

Operator  @  8.00/hour  =  $72.00/day  72.00 

Total  Daily  Cost  $80.91 
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HORSE  OPERATING  COST 

Purchase  price  $750/horse,  $1,500.00 

Useful  Life    4  years 

Depreciation  =  $375/yr  =  $1.98/day  $1.98 

Upkeep  1  horse 

426/6  month  working         $606/yr 

180/6  month  nonwork         $3.21/day  6.42 

Shoes  =  $96/yr  -  5U/day  1.02 

Harness  =  $250/yr  =  $1.32/day  2.64 

Vet  Service  =  $150/yr  or  $200/2  horses  1.06 

Tax,  Interest,  Insurance  =  AAI  x  10% 

$740  X  10-6  =  40(^    -  .40 

Teamster  $8.00/hr  64.00 

Total  Daily  Cost            $77.52 


TRACTOR  OPERATING  COST 

John  Deere  420-23.5  hp   1956 

$1,500  resale  value 

Useful  life  5  years. 

Depreciation  $300/yr  =  $1.59/day  $  1.59 

Interest,  Insurance,  and  Tax  AAI  x  10% 

$750  X  10%  -  $75.00  .40 

Maintenance  S  Repair 

$600/yr 
fuel 

Operator 

Total  Daily  Cost  $79.26 


3. 

.17 

2. 

,10 

72. 

.00 

'I'U.S.  GOVERNMENT  PRINTING  OFFICE:   19  7  8-0-7  7  7-095-75 
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stand  in  Montana. 
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RESEARCH  SUMMARY 

Sorption  studies  of  ponderosa  pine  (Pinus  ponderosa  Laws.)  needles 
and  litter  beds  of  current  year  cast  show  a  shorter  response  time  and 
lower  equilibrium  moisture  contents  than  most  other  conifer  needle  data 
in  the  literature.  For  conditions  below  fiber  saturation,  the  response 
time  is  described  best  by  considering  the  time  for  95  percent  of  the  total 
change  in  moisture  content.  Equilibrium  moisture  content  can  be  esti- 
mated by  an  equation  based  on  temperature  and  humidity,  but  type  of 
vegetation  must  be  considered. 

Analysis  of  moisture  response  at  the  test  conditions  indicates  that 
the  moisture  diffusivity  of  the  needles  and  beds  remains  nearly  constant 
for  both  adsorption  and  desorption. 


INTRODUCTIOIM 


The  ponderosa  pine  {Pinus  ponderosa   Laws.)  timber  type  covers  nearly  9  million 
icres  in  the  Rocky  Mountains.  The  needle  litter  cast  by  these  trees  produces  a  highly 
flammable  fuel  when  conditions  are  dry.   The  capability  for  fires  to  start  and  spread 
liepends  largely  on  the  moisture  content  of  surface  fuels  and  their  response  to  environ- 
lental  changes.   This  report  summarizes  the  results  of  laboratory  tests  to  determine 
equilibrium  moisture  contents  and  adsorption-desorption  timelags  below  fiber  saturation 
>f  ponderosa  pine  needles.   Conducting  the  tests  at  conditions  below  fiber  saturation 
eliminated  consideration  of  the  movement  of  free  water  and  possible  leacliing  of  the 
leedles. 

Research  on  fuel  moisture  over  the  past  several  years  has  added  useful  knowledge 
In  fine  forest  fuels  (Pech  1968;  Simard  1968a;  1968b;  Nelson  1969;  Van  Wagner  1969  and 
972;  Mutch  and  Gastineau  1970;  Blackmarr  1971;  and  Fosberg  1975).   Equilibrium  moisture 
ontents  and  timelags  are  the  important  moisture  response  characteristics  of  fine  forest 
'uels  (Byram;-*  King  and  Linton  1963)  and  are  required  in  fire-danger  rating  and  fuels 
ppraisal  systems.   These  two  characteristics  establish  the  moisture  content  at  any 
ime,  depending  on  the  environmental  conditions.   Equilibrium  moisture  content  (EMC) 
is  defined  as  the  moisture  content  finally  attained  uniformly  throughout  a  material 
ixposed  to  an  atmosphere  of  fixed  temperature  and  humidity.  This  occurs  when  the  vapor 
ressure  in  the  fuel  equals  the  vapor  pressure  in  the  atmosphere.   Moisture  response 
ime,  assumed  to  be  an  exponential  response,  is  defined  as  the  time  required  for  a  fuel 
io  achieve  63.2  percent  of  the  total  change  between  its  initial  moisture  content  and 
MC.  This  can  be  expressed  as  1  -  1/e  of  the  difference  between  initial  moisture  con- 

ent  and  EMC,  where  e  is  the  base  of  natural  logarithms. 

ii 

I    The  test  results  presented  here  establish  the  EMC  values  at  75°  F  (24°  C) ,  and  the 
orption  response  times  of  needles  and  of  fuel  beds  at  three  bulk  densities,  and  report 
he  effects  of  solar  heating  upon  desorption.  The  tests  with  three  fuel  bed  bulk  den- 
ities  were  conducted  at  80°  F  (27°  C) ,  with  90  and  20  percent  relative  humidity  end 
oints  to  determine  if  the  response  times  were  different  from  response  times  of  individ- 
al  pine  needles.   The  bulk  densities  (the  load  per  unit  area  divided  by  the  depth  of 
he  layer)  matched  findings  for  litter  beds  of  ponderosa  pine  needles  in  western  Montana 
Brown  1970) . 


j    ^Byram,  George  M.   1963.   An  analysis  of  the  drying  process  in  forest  fuel 
^terials.   Paper  presented  at  the  1963  International  Symposium  on  Humidity  and 
oisture,  Washington,  D.C.,  May  20-23,  1963.   38  p.   (Unpublished  report  on  file  at 
Te  Southern  Forest  Fire  Laboratory,  Macon,  Georgia  31208). 


METHODS 


Equipment 

The  EMC's  of  ponderosa  pine  needles  were  obtained  over  a  range  of  relative  humid- 
ities (16  to  88  percent)  at  ambient  air  temperature  of  75°  F  ±5°  (24°  C  ±2°)  by  means 
of  two  preconditioning  cabinets  and  a  final  conditioning  cabinet.   One  preconditioning 
cabinet  provided  a  high  humidity  (95  percent)  environment  at  ambient  air  temperature 
with  open  trays  of  water.   The  other  preconditioning  cabinet  provided  a  hot-dry  enviro 
ment  of  2  to  6  percent  relative  humidity  by  simply  heating  the  ambient  air  to  120°  F 
(49°  C) .   The  final  conditioning  cabinet  was  maintained  at  a  fixed  relative  humidity 
by  use  of  saturated-salt  solutions  at  the  75°  F  +5°  ambient  temperature.   Temperatures^ 
within  the  cabinets  were  measured  with  mercury  thermometers  accurate  to  ±1°  F  and 
relative  humidity  was  determined  by  standard  psychrometer  procedures  and  by  dewpoint 
measuring  equipment  accurate  to  ±1°  F.  » 

The  salt  solutions  used  and  the  measured  relative  humidities  for  each  were: 

Salt  :   LiCl  MgCl2   Mg(N03)2   NaCl   KNO3 

Percent  relative  humidity:    13    33      53       71   91 

The  moisture  content  of  the  needles  was  determined  by  withdrawing  samples  for 
xylene  reflux  distillation  (Buck  and  Hughes  1939).   Initial  frequent  sampling  showed 
the  moisture  content  to  be  within  1  percent  moisture  content  of  EMC  after  1  week  in  m(  i' 
cases.  Two  samples  were  taken  at  each  measurement  period. 

The  response  time  tests  were  conducted  at  80°  F  (27°  C) ,  with  step  changes  in  hum:  ( 
ity  from  90  to  20  percent  and  return.  A  conditioning  cabinet  was  used  to  prepare  the 
needle  moisture  content  prior  to  the  response  test.   Then,  a  programable  environmental 
chamber  provided  a  shift  in  relative  humidity  so  a  moisture  response  could  be  induced 
The  moisture  response  was  measured  as  a  weight  change  with  unbonded,  temperature- 
compensated  strain  gage  transducers,  load  cells,  and  microscales.   Sensitivity  of  the  ' 
weighing  systems  was  adjustable  so  weight  changes  to  0.01  g  could  be  resolved.   Value: 
of  air  temperature,  relative  humidity,  dewpoint,  solar  heat,  and  weight  loss  were  re- 
corded on  charts  for  each  moisture  response  test.   The  conditions  in  the  environmenta 
chamber  were  controlled  to  ±2°  F  air  temperature;  ±2  percent  at  20  percent  relative 
humidity,  and  ±4  percent  at  90  percent  relative  humidit}^  and  +0.01  of  a  solar  consta: 

Airspeed  within  the  test  volume  of  the  environmental  chamber  was  found  to  average 
less  than  0.50  mi/h  and  be  rather  turbulent.  Variability  above  the  center  of 
a  litter  bed  was  found  to  be  from  near  0  to  0.60  mi/h.   This  may  have  affected 
the  response  time  of  the  fuel  beds  by  providing  more  turbulent  airflow  than  occurs  in 
natural  sites.   Air  velocity  within  a  needle  litter  bed  with  a  bulk  density  of  0.94 
Ib/ft^  (0.015  g/cc)  averaged  less  than  0.160  ft/s  (4.88  cm/s) ,  or  0.11  mi/h. 


Needles  and  Litter  Beds 

The  needles  used  in  all  tests  were  first -year  cast,  collected  in  September  and 
tober.   The  needles  were  sorted  to  remove  l^roken  needles  and  tliose  separated  from 
le  fascicle.   This  tended  to  eliminate  differences  in  moisture  responses  because  of 
jiysical  defects.   The  general  physical  properties  of  these  pondcrosa  pine  needles  are 
irown  1970)  : 


Particle  density 
Surface  area/volume 
Average  thickness 
Shape  factor 


31.8  lb/ft  3  (0.51  g/cc  ±0.046) 
1,755  ft2/ft3  (57.57  cm2/cm3  i'6.81 
0.027  in  (0.0695  cml 
1.3 


The  litter  beds  of  the  needles  for  the  EMC  tests  were  placed  in  two  wire  screen 
ntainers  to  occupy  a  bulk  density  of  0.94  Ib/ft^  (0.015  g/cc).   This  bulk  density  is 
e  medium  value  found  by  Broivn  (1970);  the  values  for  the  light,  medium,  and  heavy 
Ik  densities  were,  respectively,  0.31,  0.94,  2.81  lb/ft?  (0.005,  0.015,  and  0.045 
^cc)  and  were  used  for  the  tests  of  bulk  density  effects  on  moisture  response  times, 
le  needles  were  loaded  to  a  depth  of  2  cm  for  each  bulk  density.   Litter  beds  for  the 
cC  tests  were  preconditioned  at  a  high  and  at  a  low  relative  humidity  until  stabilized 
th  their  environment,  then  transferred  to  a  final  conditioning  cabinet  at  a  controlled 
midity  and  allowed  to  stabilize.   Stabilized  conditions  were  considered  to  be  achieved 
en  consecutive  moisture  content  determinations  were  within  ±1  percent  moisture  content. 


Pine  needles  for  the  response  time  tests  were  preconditioned  at  a  high  humidity,  90 
[Ircent  relative  humidity  at  75°  F  (24°  C).   When  the  needles  were  stabilized  in  moisture 
(jntent  at  approximately  23  percent  moisture  content  ovendry  weight,  a  precalculat ed  quan- 
'city  of  needles  was  weighed  and  transferred  to  tlie  programable  environmental  chamber. 
I  the  chamber,  with  conditions  at  90  percent  relative  humidity  and  80°  F  (27°  C) ,  the 
Ijltter  beds  were  made  to  the  desired  bulk  density  on  special  aluminum  weighing  trays 
t^th  solid  bottoms  and  sides  to  minimize  airflow  v\;ithin  the  litter  bed  (fig.  1). 

The  chamber  and  litter  beds  were  conditioned  as  shown  in  figure  2.   Adsorption  test 
tkie  was  24  to  48  hours,  after  which  the  litter  beds  were  removed,  weighed,  and  moisture 
htent  determined  to  provide  a  check  of  the  weighing  system's  recorded  weight  change. 
filllese  needles  were  discarded  and  another  quantity  of  conditioned  needles  used  for  the 

n|xt  test. 


The  environmental  chamber  controls  and  air  conditioning  equipment  are  capable  of 
Aing  the  change  for  90  to  20  percent  relative  humidity  in  60  minutes  and  from  20  to 
^,9|' percent  relative  humidity  in  5  minutes.   Some  error  in  response  time  measurements 
h  be  caused  by  the  response  time  of  the  chamber.   Because  pine  needles  have  long 
response  times  (Simard  1968b;  Van  Wagner  1969;  Fosberg  1975),  greater  than  4  hours, 
eirors  should  be  small. 


ti  I   The  influence  of  solar  heating  upon  the  moisture  response  was  investigated  by 
rtining  a  second  series  of  sorption  tests  using  the  solar  heating  capability  of  the 

KeHronmental  chamber.   Nine  overhead  solar  lamps  provided  the  radiant  heat  simulating 
silar  heating  and  were  controlled  by  a  pyrohel  iometer  sensor  and  an  electropneumat  ic 

jfrporder  controller.   A  3-mil  Cu-Cn  thermocouple  was  attached  to  the  surface  of  a 
npdle  to  monitor  surface  temperature  on  a  strip-chart  recorder.   Solar  heating  was 
sarted  at  the  beginning  of  the  desorption  run  and  maintained  until  the  start  of  the 

:asorption  run,  when  it  was  turned  off.   An  intensity  of  about  0.6  solar  constant 
C.2  cal/cm2-min)  was  used.   Tliese  tests  provided  information  on  how  response  time  was 
ifluenced  by  the  additional  temperature  stress  of  solar  heating. 


Figure  l.—Fuel  hed  located  in  environmental  chamber 
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Figure  2. — The  environ- 
mental conditions  for 
the  tests  of  moisture 
response  time  during 
first  phase;   a  0.6 
solar  constant  was 
added  for  solar  heat- 
ing during  the  de- 
sorption  cycle  of  the 
second  phase  of  the 
tests. 


RESULTS 


Equilibrium  Moisture  Content 

The  sorption  EMC  tests  were  always  started  from  a  moisture  content  either  higher 
or  lower  than  any  EMC  expected.  The  desorption  tests  started  from  a  high  moisture  con- 
tent that  ranged  from  28.2  to  31.7  percent  and  averaged  29.6  percent.   The  adsorption 
tests  started  from  a  low  moisture  content  between  2.6  and  3.4  percent  that  averaged  3.0 
percent.   The  relative  humidities  used  for  conditioning  and  the  EMC's  that  resulted 
are  given  in  table  1.   The  differences  between  adsorption  and  desorption  EMC's  are  less 
than  2.0  percent  at  humidities  under  70  percent.   Above  70  percent  relative  humidity, 
the  difference  became  greater  than  2.0  percent,  approaching  3.5  percent  at  90  percent 
relative  humidity. 

Table  I . --Adsorption  and  desorption  equilibrium  moisture  contents  of  ponderosa  pine 
needles  with  starting  moisture  contents  of  3. 0  percent  for  adsorption  and  29.  6  per- 
cent for  desorption 


:   Average 

Average 

Hysteresis 

:  adsorption 

desorption 

of 

Salt 

Dryl 

Relat ive^ 

:   moisture 

moisture 

moisture 

solution 

bulb 

humidity 

:    content 

content 

content 

LiCl 

£                          — 

75 

13 

-  -----  ri:ij.-uai 

4.3  ±0.2 

lly          —          —          —          —          —          —          —          — 

5.9  ±0.2 

1.6 

MgCl2 

75 

33 

7.5  ±0.4 

9.0  ±0.0 

1.5 

Mg(N03)2 

75 

53 

10.2  ±0.2 

11.9  ±0.1 

1.8 

NaCl 

75 

71 

13.2  ±0.0 

15.3  ±0.2 

2.1 

KNO3 

75 

91 

19.2  ±0.1 

22.6  ±0.0 

3.4 

•^  Dry  bulb  temperature  was  maintained  at  75°F  ±5°  (24°  C  ±2°). 

^  Relative  humidity  is  the  measured  value  and  differs  in  some  cases  from  values 
for  chemically  pure  salts. 


Moisture  Response  Time 

Desorption  and  adsorption  moisture  response  tests  at  80°  F  (27°  C)  air  temperature 
were  run  on  individual  needles  and  litter  beds  of  the  three  bulk  densities  (fig.  3).   The 
response  time  of  materials  to  water  vapor  gradients  is  also  called  moisture  timelag 
(Nelson  1969;  Mutch  and  Gastineau  1970;  Fosberg  and  Deeming  1971),  and  the  moisture 
time  constant  (Van  Wagner  1969).   In  each  case,  the  expression  is  used  to  describe  the 
exponential  sorption  process  of  the  following  equation  (from  Nelson  1969)  : 


m  -  m 


m  -  m 
o    e 


=  E 
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Figure  Z.—Timelag  response  of  ponderosa  pine  needles  without  solar  heat   (desorption) . 


vhere 


average  moisture  content  of  needles  or  litter  at  time,  t 


m     -   equilibrium  moisture  content 
e     ' 

m  =  initial  moisture  content 
o 

E  =  fraction  of  total  evaporable  moisture  remaining  in  the  fuel  at  time,  t 

K  =  dimensionless  shape  factor,  assumed  equal  to  1.0 

t  =  time,  minutes 

T  =  response  time,  time  constant,  or  timelag,  minutes. 

The  descriptor,  x,  represents  the  time  required  to  proceed  63.2  percent,  or 
[1  -  1/e] ,  of  the  way  to  the  total  expected  change.   The  time  to  achieve  the  total 
;hange  can  be  broken  in  time  periods.   Each  time  period  is  the  time  to  proceed  63.2 
Dercent  of  the  remaining  portion  of  the  total  change  and  is  tabulated  in  appendix 
table  5  for  needles  and  table  6  for  the  adsorption  and  desorption  tests  without  solar 
leating.   The  general  trend  shows  an  initial  increase  in  time  followed  by  a  decrease 
is  displayed  in  figure  4.   This  type  of  response  has  been  reported  by  Nelson  (1969), 
^lutch  and  Gastineau  (1970),  and  Fosberg  and  others  (1970). 

The  desorption  tests  with  solar  heating  yielded  shorter  response  times  because 
solar  heating  at  the  0.6  solar  constant  level  increased  needle  surface  temperature  23°  F 
(-5°  C).   Tliis  caused  a  temperature  gradient  to  be  imposed  on  the  vapor  pressure  gradient 
md  shortened  the  response  time.   The  adsorption  runs  following  solar  heating  display 
a  response  not  presently  understood.   The  data  for  these  runs  are  presented  in  table  7 
3f  the  appendix. 
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■^gure  4. — Adsorption  and  desorption  timelag  periods  for  ponderosa  pine  needle  beds 
at  bulk  density  of  0.94   Ib/ft^    (0.015  g/oo) . 


DISCUSSION 


Equilibrium  Moisture  Content 

A  variety  of  studies  of  individual  fuel  types  have  been  conducted  to  determine  th( 
EMC's  of  wildland  fuels  (Dunlap;^  King  and  Linton  1963;  Blackmarr  1971;  Van  Wagner  197; 
Britton  and  others  1973) .  However,  Gisborne  (1928)  noted  that  tests  by  Dunlap2  on  woo( 
samples  of  different  species  yielded  results  so  nearly  alike  that  a  common  EMC  could 
be  assigned  to  given  relative  humidities.  Van  Wagner  (1972)  found  that  leaf  litter  ha( 
higher  EMC's  than  common  woods  by  about  3  percent  moisture  content.  Differences  betwei 
leaf  litter  types  were  felt  to  have  little  practical  importance  for  predicting  fine  fui 
moisture  content.  However,  Blackmarr  (1971)  and  Van  Wagner  (1972)  did  observe  an  in- 
crease in  EMC  with  weathering  and  aging  which  possibly  is  associated  with  the  leaching 
of  waxes  and  oils  from  the  needles.  The  newly  cast  needles  collected  in  September  and 
October  that  we  tested  achieved  EMC  levels  slightly  lower  than  those  found  by  Van  Wagn' 
for  red  pine  needles. 

The  EMC  data  for  ponderosa  pine  needles  given  in  table  1  are  plotted  in  figure  5 
for  adsorption  and  desorption.   The  curves  displayed  are  from  prediction  equations 
generated  from  the  data,  according  to  the  approach  presented  by  Van  Wagner  (1972).   Thi 
general  form  of  the  prediction  equation  is: 

EMC  =  aH^  +  c  •  EXP  [ (H  -  100)/d]  +  m(T  -  T)  (2) 

where 

EMC  =  equilibrium  moisture  content,  percent  ovendry  weight 
H  =  relative  humidity,  percent 
T  =  reference  temperature 

T  =  temperature 
a,  b,  c,  d,  m  =  coefficients  dependent  upon  species,  as  noted  by  Van  Wagner. 

The  last  term  adjusts  for  temperature  which  we  did  not  test,  but  comparisons  will  be 
made  to  results  obtained  for  ponderosa  pine  needles  in  other  studies  (Anderson  1964; 
Rothermel  and  Anderson  1966;  Anderson  1969) .   These  studies  provide  data  on  the  adsorp 
tion  equilibrium  moisture  content  at  90°  F  (32°  C)  as  ponderosa  pine  needles  were  con- 
ditioned for  burning  tests. 

The  coefficients  of  the  terms  in  the  equation  were  determined  by  first  calculatin 
a  least  squares  fit  for  a  power  function,  aH^,  up  to  60  percent  relative  humidity  for 
the  first  term.  The  calculated  values  of  EMC  were  subtracted  from  the  observed  EMC 


2  Dunlap,  M.  E.   Forest  Products  Laboratory,  Madison,  Wisconsin;  work  cited  by 
Gisborne  (1928),  p.  29. 
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Figure   5. — Equilibrium  moisture  content  data  for  adsorption  and  desorption  with  least 
squares  fit  curves  from  equations  of  the  form,   EtlC  =  aH^  +  c    •  EXP     [(H  -  100) /d]    for 
ponderosa  pine  needles. 


for  each  relative  humidity  and  the  difference  used  for  a  least  squares  fit  to  an  ex- 
ponential function,  c  •   EXP  [ (H  -  100) /d],  from  50  percent  relative  humidity  up  to  the 
maximum  relative  humidity.   The  overlap  from  50  to  60  percent  relative  humidity  pro- 
vides a  smooth  transition  and  fit  to  the  data.   The  coefficients,  a,  b,  c,  d,  along 
with  ri  and  r-^,    correlation  coefficients  of  moisture  content  to  relative  humidity  for 
each  portion  of  the  equation,  were  determined  to  be: 


1 


Adsorption 
Desorption 


0.891 
1.651 


0.612 
.493 


0.9998 
.9976 


17.54 
19.35 


8.91 
10.88 


0.9818 
.9893 


The  curve  in  figure  5  shows  the  goodness  of  fit  and  shows  the  separation  of  the  adsorp- 
tion and  desorption  curves  to  be  about  1.5  percent  moisture  content.   Above  65  percent 
relative  humidity,  the  separation  continues  to  increase,  reaching  about  3.2  percent 
moisture  content  at  90  percent  relative  humidity. 

Although  the  effect  of  temperature  on  EMC  was  not  part  of  the  tests  reported  here, 
the  EMC  curves  were  compared  with  earlier  adsorption  data  (Anderson  1964;  Rothermel 
and  Anderson  1966;  Anderson  1969).   In  the  earlier  tests,  ponderosa  pine  needles  were 
first  ovendried.  Then  the  needles  were  conditioned  over  saturated-salt  solutions  for 
different  humidities  at  90°  F  (32°  C)  until  the  needle  moisture  content  had  stabilized. 
These  data  were  also  fit  to  equation  2  and  compared  to  the  75°  F  (24°  C)  data  (fig.  6). 
A  difference  due  to  temperature  appears  from  20  to  80  percent  relative  humidity,  but 
I  beyond  these  conditions  the  EMC  values  are  essentially  the  same. 


30  I- 


25 


o     20 


o 
o 


15 


5     » 


I 


10  20  30  40  50  60 

RELATIVE  HUMIDITY  (PERCENT) 


70 


80 


90 


Figure  6. — Effect  of  temperaticce  on  adsorption  EMC  of  ponderosa  pine  needles 

at  75°  and  90°  F. 


Work  by  Spalt    (1957)    on  basswood   at    72°   and   90°   F    (22°    and   32°   C)    showed   the   sami 
trend   to  convergence   at    each   extreme    (Byram) . ^      The   influence  of  temperature  on  EMC  a< 
aged  0.056  percent   EMC  per  degree  Fahrenheit.      In   addition,   Gisborne    (1928)    reported 
work  by  M.    E.    Dunlap   for  six  fuel   types   that  provided   similar  responses   to  temperatur 
A  composite  response  for  EMC   change  over  the  temperature  range  of  50°  to  100°   F   (10° 
38°  C)    provided   a  temperature   factor  of  0.050  percent   EMC   per  degree   Fahrenheit.      Thi 
about   half  of  what  Van  Wagner    (1972)    found   for  conifer   litter,    0.113   percent    EMC   per 
degree   Falirenheit.      The  variation  observed   by  Van   Wagner  suggests  that    additional   stu 
is  needed  to   identify  the  magnitude  of  the  temperature  influence.      In   addition,   he  no 
a  difference  between  species   in  the  EMC's   established  for  given  temperatures   and  humi 
ities.      For  the  ponderosa  pine   litter  we  tested,    the  EMC  values   for  adsorption  or  des 
tion  can  be   estimated   by: 

Adsorption  EMC  =   0.891  H    °'^^^    +    17.54   EXP [ (H   -    100)/8.91]    +   0.056(75    -   T)  (i 

Desorption   EMC   =    1.651   H    °-'*^^    +    19.35   EXP[(H   -    100)/10.88]    +   0.056(75    -   T)         (: 

where 

H  =  relative  humidity,  percent 
T  =  fuel  surface  temperature,  °F. 

Our  EMC  values  were  compared  with  EMC  values  for  other  fine  forest  fuels  (King 
and  Linton  1963;  Stamm  1964;  Rothermel  and  Anderson  1966;  Anderson  1969;  Blackmarr  I'l 
Van  Wagner  1972).   Monterey  pine  displayed  EMC's  about  2  percent  lower  than  ponderos. 
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pine  which  was  1  to  2  percent  lower  than  other  conifer  needles.   Grasses  and  both 
evergreen  and  deciduous  hardwood  leaf  litter  maintain  higher  EMC's  than  ponderosa  pine 
needles.   The  difference  in  EMC  values  becomes  greater  as  the  relative  humidity  in- 
creases above  60  percent  and  the  EMC  divergence  can  be  as  high  as  9  percent  moisture 
content.   Van  Wagner  (1972)  concluded  that  all  kinds  of  leaf  litter  have  EMC's  about 
5  percent  higher  than  the  common  woods;  this  difference  in  EMC  is  felt  to  be  definitely 
important  in  fire-danger  rating. 

The  sorption  data  for  various  pine  needles  are  within  2.5  percent  moisture  content  oi 
each  other  in  55  percent  relative  humidity  and  75°  to  80°  F  (24°  to  27°  C).   However,  wher 
other  fine  fuels  like  grasses,  hardwood  leaves,  and  wood  splints  are  considered  (Stamm 
1964;  Blackmarr  1971;  Van  Wagner  1972),  the  variation  becomes  sufficient  to  reduce  the  ac- 
curacy of  fire-danger  estimates.   Examination  of  the  data  at  53  percent  relative  humidity 
showed  the  adsorption  EMC  values  ranged  from  8.3  to  12.3  percent  and  the  desorption 
values  ranged  from  10.9  to  15.5  percent  for  a  total  range  of  7.2  percent  moisture  con- 
tent in  EMC.   This  suggests  a  composite  estimate  of  fine  fuel  moisture  may  be  no  closer 
than  ^^3.6  percent  moisture  content  to  the  real  value. 

Comparing  the  fine  fuel  moisture  content  isotherm  of  the  Canadian  Forest  Fire 
Weather  Index  with  the  1-hour  timelag  fuel  moisture  of  the  United  States'  National 
Fire-Danger  Rating  System  (NFDRS)  shows  a  similar  difference,  approximately  4  percent, 
in  predicted  moisture  content.   This  appears  to  be  due  to  the  type  of  fuels  considered 
in  establishing  the  moisture  content  response.   The  Canadian  system  is  based  on  the 
litter  fuels  in  their  coniferous  forest  (Van  Wagner  1974;  Van  Wagner  and  Pickett  1975) 
and  the  United  States'  system  is  based  on  studies  of  fine  woody  materials  (Fosberg  and 
Deeming  1971).   The  ponderosa  pine  needle  data  (fig.  7)  agrees  with  the  Canadian  iso- 
therm at  low  humidities,  but  holds  to  lower  moisture  contents  at  humidities  above  30  per- 
cent and  agrees  with  the  National  Fire-Danger  Rating  System  1-hour  fuel  moisture  content. 

^°  *"        ^— EMC  OF  PONDEROSA  PINE 

EMC  OF  CANADIAN  FWI 

o  o  o  NFDRS  FUEL  MOISTURE  CONTENT 
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Figuve  7. — Comparison  of  EMC  values  for  ponderosa  pine  needles  with  fine  fuel  moisture 
content  curve  of  Canadian  Fire  Weather  Index  and  the  USDA  Forest  Service  NFDRS  1-hour 
timelag  fuel  moisture  content  data.      Weather  conditions   —  8C°  F  and  cloudy. 
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Allowance  for  specific  fine  fuel  types  may  be  necessary,  particularly  in  areas 
where  an  index,  such  as  the  Ignition  Index,  is  used  administratively  and  is  sensitive 
to  fine  fuel  moisture  content.   For  example,  in  an  area  where  conditions  can  reach  80°  F 
(27°  C)  and  20  percent  relative  humidity  on  a  cloudy  day,  the  NFDRS  estimates  nonliving 
fine  fuel  moisture  content  to  be  4  percent.   This  may  be  3  to  4  percent  below  the  actual 
moisture  content.   This  difference  changes  the  Ignition  Component  from  65  to  38,  which 
may  be  significant  in  a  control  unit's  action  plan.   This  type  of  sensitivity  to  fine 
fuel  moisture  content  suggests  that  the  measurement  techniques  and  predictions  of  fine 
fuel  moisture  content  be  as  accurate  as  possible. 


Timelag 

Ponderosa  pine  needles  and  litter  beds  exhibit  similar  timelag  variability,  but  the 
similarity  is  less  evident  in  litter  bed  test  results  (fig.  3) .   The  variation  in  the 
timelag  period  may  be  due  to  the  various  factors  influencing  the  diffusivity  of  the     • 
material.   Byram-^  discussed  control  of  moisture  flow  and  thought  that  a  forcing  functior! 
of  moisture  content  and  saturation  vapor  pressure  could  effectively  describe  the  change. 
This  concept  was  expanded  upon  by  Nelson  (1969)  and  Fosberg  (1970).   Nelson  showed  that 
the  diffusion  theory  could  describe  certain  changes  in  moisture  response  of  fine  fuels, 
but  such  things  as  initial  moisture  content  and  relative  humidity  effects  are  not  accu- 
rately predicted.   Fosberg  (1975)  has  developed  a  generalized  approach  to  the  theoreticc 
solution  using  a  timelag  definition  dependent  upon  physical  properties  of  the  material. 
He  used  boundary  conditions  that  were  difference  approximations  to  the  continuous  change 
in  temperature  and  relative  humidity  and  noted  that  a  different  response  time  should  be 
expected  for  each  different  set  of  initial  conditions.   The  timelag  has  been  associated  ■ 
with  standard  drying  conditions  of  80°  F  (27°  C)  and  20  percent  relative  humidity  as  nol 
by  Nelson  (1969)  for  NFDRS  use.   For  constant  conditions,  timelag  is  expressed  as  a 
function  of  material  thickness,  moisture  diffusivity,  and  a  dimensionless  number, 
defined  as  a  Fourier  number  for  moisture  by  Byram^ .   For  our  tests,  we  are  starting 
from  the  standard  set  of  conditions  to  establish  a  stable  method  of  evaluating  timelag 
and  to  indicate  the  effect  of  bed  bulk  density  on  timelag. 

Previous  work  and  our  test  results  show  the  timelag  response  is  curvilinear, 
yielding  shorter  times  for  the  fourth  and  fifth  time  periods.   The  latter  periods 
involve  small  changes  in  moisture  content,  so  small  errors  in  moisture  measurement 
result  in  large  variations  in  the  time  measurement.   For  these  reasons,  and  because 
the  first  three  periods  account  for  95  percent  of  the  total  change  and  exhibit  a  near 
linear  response  on  semilog  graph  paper  (fig.  3;  that  is,  a  constant  log  drying  rate) 
we  determined  the  average  timelag  from  the  time  to  achieve  a  95  percent  change  in 
moisture  content.  The  time  to  achieve  a  95  percent  change  represents  three  time 
periods,  so  one-third  of  that  total  time  is  the  average  timelag  for  a  run.   The  mean 
timelag  for  each  litter  bed  and  sorption  condition  are  given  in  table  2,  along  with  the 
physical  properties  of  each  litter  bed  test  condition. 

Comparison  of  the  results  obtained  using  five  time  periods,  three  time  periods, 
or  the  time  for  a  95  percent  change  of  each  run  to  compute  an  average  and  standard 
deviation  showed  that  less  variability  occurred  with  the  time  to  95  percent  change. 
For  the  litter  beds  with  a  bulk  density  of  0.015  g/cc,  the  standard  deviation  de- 
creased from  125  min  for  five  time  periods  to  69  min  for  three  time  periods  to  48  min 
for  a  95  percent  change.   Although  greater  stability  is  indicated  for  the  latter 
method,  the  standard  deviation  indicates  considerable  variability  in  the  vegetative 
material  and  litter  beds;  this  indicates  a  number  of  runs  are  needed  to  obtain  a 
reliable  mean. 
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Table  2. --Mean   timelags  for  needles   ofid   litter  beds   of  ponder os a  pine  needles  based  on 
the   time  for  95  percent  of  total  change 


Material 


Thickness 


Density 


Packing 
ratio 


Initial 

moisture 

content 


Final 
moisture 
content 


Arith- 

met  i  c 

mean 


Response  time  data 


Standard 

dcvia- 

t  ion 


No. 
of 
runs 


Standard 
error 


Cm 


G/OG 


-  -  -  Percent  -  - 


-  -  fHn 


Min 


DESORPTION   WITHOUT   SOLAR 


Needles 

0.0695 

0.51 

1.0 

23.0 

Bed 

2.0 

.005 

0.0098 

23.0 

Bed 

2.0 

.015 

.0294 

23.0 

Bed 

2.0 

.045 

.0882 

23.0 

7.2 
7.2 
7.2 
7.2 


251.4  48.6 

309.8  16.7 

350.4  48.2 

332.8  56.8 


21.8 

9.7 

19.7 

32.8 


ADSORPTION  WITHOUT  SOLAR 


Needles 

.0695 

.51 

1.0 

7.2 

23.0 

242.6 

79.9 

5 

35.7 

Bed 

2.0 

.005 

.0098 

7.2 

23.0 

333.1 

91.8 

0 

64.9 

Bed 

2.0 

.015 

.0294 

7.2 

23.0 

385.4 

40.2 

6 

16.4 

Bed 

2.0 

.045 

.0882 

7.2 

23.0 

314.5 

14.4 

3 

8.3 

DESORPTION  WITH  SOLAR 


ed 

2.0 

.005 

.0098 

23.0 

7.2 

243.3 

70.4 

4 

35.2 

ed 

2.0 

.015 

.0294 

23.0 

7.2 

206.2 

54.6 

5 

24.4 

ed 

2.0 

.045 

.0882 

23.0 

7.2 

154.0 

24.5 

4 

12.3 

ADSORPTION  AFTER  SOLAR 


Bed 

2.0 

.005 

.0098 

7.2 

23.0 

382.9 

54.6 

4 

27.3 

Bed 

2.0 

.015 

.0294 

7.2 

23.0 

406.8 

27.3 

5 

12.2 

Bed 

2.0 

.045 

.0882 

7.2 

23.0 

411.3 

18.1 

4 

9.1 

The  results  for  needles  suggest  nearly  equal  response  times  for  desorption  and 
adsorption.   This  timelag  of  4.2  hours  agrees  with  the  needle  timelag  reported  by 
Fosberg  (1975)  of  4.1  hours  for  freshly  fallen  ponderosa  pine  needles,  as  supplied  by 
Blackmarr  (1971).   Data  for  other  conifer  needles,  freshly  cast,  show  variation  in 
timelags : 


Species 


Timelag         Drying  condition 
Hours  °F         Percent 

relative 
humidity 


Reference 


Lodgepole  pine 


17.5 


80 


20 


Red  pine 

10.5 

78 

±2 

35 

±5 

Red  pine 

21.5 

78 

±2 

55 

±5 

Eastern  white 

pine 

17.5 

78 

+  2 

55 

±5 

Jack  pine 

16.5 

78 

±2 

55 

±5 

IVhite  spruce 

15.0 

78 

±2 

55 

±5 

Blackmarr,  in  Fosberg  (1975) 
(supported  by  our  o\\ii  tests) 
Van  Wagner  (1969) 
Simard  (1968b) 

Simard  (1968b) 
Simard  (1968b) 
Simard  (1968b) 
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Timelag 

Drying 

condition 

Hours 

c 

'f 

Percent 

relative 

humidity 

1.28 

80 

20 

1.01 

80 

20 

1.08 

83 

56 

4.20 

78 

±2 

35  ±5 

7.00 

78 

±2 

55  ±5 

3.50 

78 

±2 

55  ±5 

4.00 

78 

±2 

55  ±5 

The  longer  timelags  may  be  partially  due  to  the  soaking  before  the  test  and  the  higher 
relative  humidities  used  for  end  points.  Only  Blackmarr  had  end  conditions  similar  to 
ours  and  although  he  presoaked  the  material,  he  obtained  timelags  comparable  to  ours. 

Although  we  are  not  reporting  results  for  weathered  needles  because  tests  are 
still  being  conducted,  data  in  the  literature  show  a  dramatic  shortening  of  the 
timelag: 

Species  Timelag         Drying  condition  Reference 


Ponderosa  pine  1.28  80  20  Fosberg  (1975) 

Lodgepole  pine  1.01  80  20  Fosberg  (1975) 

Monterey  pine  1.08  83  56  King  and  Linton  (1963) 

Red  pine  4.20  78  ±2  35  ±5  Van  Wagner  (1969) 

Red  pine  7.00  78  ±2  55  ±5  Simard  (1968b) 
Eastern  white 

pine  3.50  78  ±2  55  ±5  Simard  (1968b) 

Jack  pine  4.00  78  ±2  55  ±5  Simard  (1968b) 

White  spruce  5.00  78  ±2  55  ±5  Simard  (1968b) 

Variations  in  timelag  may  be  due  to  the  wax  and  resin  content,  as  suggested  by  Van 
Wagner  (1969).   This  could  account  for  the  shorter  and  variable  timelags  in  weathered 
needles  noted  by  Simard  (1968b) .   It  appears  that  the  timelags  are  significantly  dif- 
ferent by  species  and  weathering,  which  may  be  associated  with  the  amount  of  waxes, 
oils,  and  varnishes  on  the  surface  and  in  the  pores  of  the  needles.   Therefore,  the 
results  we  are  reporting  probably  only  apply  to  freshly  cast  litter  in  ponderosa  pine 
forests. 

Generally,  reports  on  timelags  of  fuels  experiencing  desorption  or  adsorption 
show  the  timelags  to  be  longer  for  adsorption  (Kerr  and  others  1971;  Simard  1968b). 
Although  the  needle  tests  did  not  show  this  response,  it  did  exist  in  the  litter  bed 
tests. 

As  the  bulk  density  increased,  the  timelag  increased  but  showed  a  leveling  of 
timelag  at  the  most  dense  value  tested  (fig.  8a) .   This  leveling,  or  plateau,  may  be 
due  to  air  velocities  over  and  through  the  litter  bed  or  may  represent  a  zone  of  bulk 
densities  where  diffusion  through  the  voids  is  limited  by  the  moisture  diffusivity  of 
the  particles.   This  consideration  is  pointed  out  by  Fosberg  (1975)  in  his  theoretical 
development  of  heat  and  moisture  flux  in  litter  and  duff.   The  responses  obtained  in 
this  study  tend  to  support  the  theoretical  approach  Fosberg  has  developed,  but  ad- 
ditional tests  with  varying  bulk  densities  and  litter  depths  are  needed. 

The  desorption  response  of  the  litter  bed  with  solar  heating  included  appears  to 
be  inverse  to  the  expected.   Response  time  was  found  to  become  shorter  as  bulk  density 
increased  (fig.  8b)  for  desorption.   With  adsorption  conditions  established  and  solar 
heating  turned  off,  the  response  is  similar  to  previous  adsorption  tests.   Some 
lengthening  of  timelag  was  observed,  reflecting  the  thermal  relaxation  of  stress  back 
to  ambient  air  temperature. 

Little  moisture  response  data  are  available  to  compare  with  theoretical  develop- 
ments such  as  Fosberg's  (1975),  but  the  litter  bed  tests  we  conducted  at  a  bulk  densit 
of  2.81  Ib/ft^  (0.045  g/cc)  were  compared  to  the  profiles  Fosberg  (1975)  presented  in 
figure  8  of  his  paper.   Since  the  experimental  measuring  methods  we  used  provided  the 
average  moisture  content  of  the  bed,  comparison  to  Fosberg's  theoretical  results  re- 
quired averaging  his  moisture  content  profile  at  each  depth  over  time.   Both  thermal 
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and  moisture  stress  were  imposed  in  both  situations  and  the  comparison  shows  that  the 
theoretical  approach  does  predict  the  timelag  to  increase  with  each  successive  time 
period  (fig.  9).   This  behavior  is  found  at  each  bulk  density  when  solar  heating  was 
used  and  reflects  the  initial  response  to  both  the  temperature  and  moisture  changes 
followed  by  the  response  to  moisture  only,  which  has  a  longer  timelag. 


Moisture  Diffusivity 

It  has  been  noted  earlier  that  the  timelag  did  not  remain  constant  during  the 
sorption  process  and  the  differences  could  be  traced  to  the  assumptions  made  in  the 
theory  of  homogeneous  physical  properties  and  the  diffusivity.   Fosberg  (1975)  discussed 
the  diffusivities  involved  and  utilized  them  in  the  development  of  his  theoretical 
approach.   At  least  three  degrees  of  diffusivity  need  to  be  considered;  the  diffusivity 
of  the  particles,  of  the  voids,  and  the  effective  diffusivity  of  the  litter  layer. 

For  individual  particles,  it  has  been  shovsm  that  the  Fourier  number  for  moisture 
describes  the  relationship  of  timelag,  diffusivity,  and  particle  thickness  (Fosberg 
1970;  Fosberg  and  others  1970): 


F   =  v/AR' 
o 


(3) 


where 


F  =  Fourier  number,  dimensionless 
o 

V  -   diffusivity,  cm^/s 

R  -   thickness,  cm 

1/X  =  T  =  timelag,  s 


A  =  timelag  reciprocal  or  decay  coefficient,  s 
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This  equation  relates  to  tiic  equation  for  the  integral  diffusion  coefficient,  D, 
described  by  Stamm  and  Nelson  (1961)  and  Stamm  (19641.   In  turn,  Stamm  states  this 
resulted  from  Pick's  general  diffusion  equation. 

Stamm' s  equation  for  the  integral  diffusion  coefficient  can  be  rearranged  to  a 
form  similar  to  equation  (3): 

n       tiE2  a2  (4) 

^  =  ^  -  "16  T 
where 

E  =  fraction  of  total  change  accomplished 

a  =  R  =  thickness,  cm 

t  =  time  for  change  accomplished 

TT  =  3.1416. 

Rearrangement  and  common  defining  of  terms  lead  to: 

ttE"    vt 


16   R 


(5) 


where  the  right-hand  side  is  the  same  as  the  right-hand  side  of  equation  (3)  except  t 
is  the  time  for  the  fraction  of  the  total  change,  E,  instead  of  1/A  or  t,  which  is  the 
timelag.   Since  the  timelags  for  the  data  reported  in  this  paper  were  calculated  from 
the  time  for  95  percent  of  the  total  change,  the  diffusivity  of  the  particles  and  the 
litter  beds  can  be  determined  for  the  same  conditions  using  equation  (5) : 

_  ^E2  R2  _  ^(0.95)2  R2  _         R2 

^  -  n^i 16 — t~  -  ^-^^^  F"  ^^^ 

o 

The  quantity,  ttE'/16,  of  equations  (4),  (5),  and  (6)  is  a  form  of  the  Fourier  number. 
With  E  equal  to  95  percent  of  the  total,  the  product  is  0.177.   This  value  agrees 
closely  with  values  calculated  from  figure  2  of  Fosberg's  1970  paper  on  drying  rates  of 
heartwood.   If  we  could  accurately  determine  when  the  total  change  has  occurred,  the 
value  should  approach  0.1965,  tt/16. 

A  summary  of  the  timelags,  thicknesses,  and  dif fusivities  is  given  in  table  3. 
The  range  of  diffusivities  is  shown  in  figure  10  which  shows  the  diffusivities  of  the 
particles,  the  litter  beds,  and  the  voids.   Both  desorption  and  adsorption  diffusivity 
changes  with  time  are  shown  and  indicate  a  common  diffusivity  is  approached  by  both 
sorption  processes.   The  diffusivities  calculated  using  three  timelag  periods  and  95 
percent  of  the  total  change  are  slightly  lower  than  diffusivities  computed  from  specific 
fractions  of  total  change  and  the  time  for  the  change.   However,  the  differences  do  not 
appear  significant. 

The  diffusivity  of  the  voids  was  calculated  from  the  diffusivity  of  free  air  at 
the  test  conditions  and  considering  the  porosity  of  the  litter  beds.   The  free  air 
diffusivity  was  determined  by  the  empirical  equation  used  by  Stamm  and  Nelson  (1961): 


V 
0 


°-(^3)'-'^^(Tk/^ 


where 


T  =  temperature,  °K 

P  =  pressure,  mm  Hg  =  760  EXP  [-(gh)/(RT  )]  (8) 

g  =  981  cm/s2  "" 

h  =  elevation,  cm 

R  =  gas  constant  for  air,  2.87  x  10^  '^"^  'o5 

g  -   K 

T^i  =  temperature  at  test,  300°  K. 
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Table  3. --Moisture  response  properties  of  ponderosa  pine  needles 
and  litter  beds 


Material 


Density 


Packing 
ratio 


Thickness 


Timelag 


Diffusivitv 


G/am'^  Cm 

DESORPTION  WITHOUT  SOLAR 


Crri^/s 


Needles 

0.51 

1.0 

0.0695 

15,084 

1.89  X  io-» 

Bed 

.005 

.0098 

2.0 

18,588 

1.27  X  10-5 

Bed 

.015 

.0294 

2.0 

21,024 

1.12  X  10-5 

Bed 

.045 

.0882 

2.0 

19,968 

1.18  X  10-5 

ADSORPTION  WITHOUT  SOLAR 


Needles 

.51 

1.0 

.0695 

14,556 

1.96  X  10-« 

Bed 

.005 

.0098 

2.0 

19,986 

1.18  X  10-5 

Bed 

.015 

.0294 

2.0 

23,124 

1.02  X  10-5 

Bed 

.045 

.0882 

2.0 

18,870 

1.25  X  10-5 

DESORPTION  WITH  SOLAR 


Bed 

.005 

.0098 

2.0 

14,598 

1.62  X  10-5 

Bed 

.015 

.0294 

2.0 

12,372 

1.91  X  10-5 

Bed 

.045 

.0882 

2.0 

9,240 

2.56  X  10"5 

ADSORPTION  AFTER  SOLAR 


Bed 

.005 

.0098 

2 

0 

22 

,974 

1 

03 

X 

10- 

-5 

Bed 

.015 

.0294 

2 

0 

24 

,408 

9 

68 

X 

10" 

-b 

Bed 

.045 

.0882 

2 

0 

24 

,678 

9 

57 

X 

10- 

-B 

For  the  Missoula  area,  the  diffusivity  of  the  free  air  was  calculated  to  be  0.292  cm^/s. 
For  the  voids  within  the  fuel  beds,  the  approach  cited  by  Fosberg  (1975)  was  used. 
Work  by  Millington  and  Shearer  (1971)  shows  the  reduction  in  diffusivity  to  be  a 
function  of  bed  porosity: 


V  /v   =  (t)2  ^ 
o 

and  the  exponent,  x  ,  is  defined  by 

(j)2x  =  1  -  (1  -  (j))^,  tortuosity  factor 
where 


(9) 


(10) 


free  air  diffusivity,  cm^/s 

void  diffusivity,  cm^/s 

bed  porosity,  fraction  of  volume,  dimensionless. 
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Figure  10. --Range  of  diffusivities  determined  for  ponderosa  pine  needles,    litter  beds, 

and  the  voids  within  the  bed. 
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Table  4 . --Comparison  of  diffusivity  calculated  for  ponderosa  pine   litter  beds 
under  desorption  conditions 


Physical  properties 


Fosberg  (1975) 
1     :     2 


Anderson,  Schuette.  and  Mutch 
1:2:3 


Fuel  depth,  H,  (cm) 

3 

4 

2 

2 

2 

Bulk  density,  P^,  (g/cc) 

0.08 

0.08 

0.005 

0.015 

0.045 

Needle  timelag,  t,  (s) 

4,608 

4,608 

15,084 

15,084 

15,084 

Free  air  diffusivity,  v  , 
(cm2/s) 

0.313 

0.313 

0.29? 

0.292 

0.292 

Porosity,  <{> ,  (dimensionless) 

0.830 

0.830 

0.990 

0.971 

0.912 

Tortuosity  factor,  <^'^^ , 
(dimensionless) 

0.748 

0.748 

0.983 

0.950 

0.861 

Void  diffusivity,  v,  (cm^/s) 

0.234 

0.234 

0.287 

0.278 

0.251 

Litter  bed  timelag,  t,  (s) 

4,248 

7,560 

18,588 

21,024 

19,968 

Litter  bed  diffusivity,  v, 
(cm2/s)                 1 

.25x10-'+  1 

25x10"'+ 

1.27x10-5 

1.12x10-5 

1.18xl0'5 

The  free  air  diffusivity  was  reduced  by  the  above  factor  and  the  results  for  the  litter 
beds  compared  to  the  predicted  response  of  weathered  ponderosa  pine  litter  beds  present- 
ed by  Fosberg  (1975)  in  his  figures  2  through  5,  table  4.   Although  the  void  diffusiv- 
ities  are  not  greatly  different,  the  bed  dif fusivities  differed  by  a  factor  of  10  when 
computed  by  equation  (6) .   This  is  primarily  a  result  of  the  longer  particle  and  bed 
timelags  existing  in  our  experiments. 

According  to  figure  9  of  Fosberg's  paper  (1975),  our  experimental  conditions  appeal 
to  be  at  the  limits  of  the  theoretical  considerations  because  our  bed  depth  or  thickness 
of  2  cm  is  in  the  zone  where  response  time  or  timelag  decreases  as  bulk  density  increas( 
As  Fosberg  notes,  the  timelag  should  increase  as  the  bulk  density  increases  and  bed 
porosity  decreases.   Our  results  do  not  show  a  strong  relationship  between  timelag  and 
bulk  density  for  the  fuel  loadings  and  depth  we  used. 


Discussion  of  empirical  refinements  to  improve  the  description  of  moisture  diffusii 
ity  by  Bramhall  (1973)  has  proposed  the  inclusion  of  diffusivity  as  a  linear  function 
of  moisture  content.   However,  for  litter  beds  and  needles  of  ponderosa  pine,  the 
diffusivity  appears  to  remain  constant  except  for  early  in  the  sorption  change.   The 
same  response  of  diffusivity  is  obtained  using  equation  (6),  as  indicated  in  figure  10, 
for  ponderosa  pine  heartwood  dowels  (Fosberg  and  others  1970).   The  value  of  2.3  x  10~^ 
cm^/s  is  higher  than  the  value  cited  in  the  above  work  but  is  comparable  to  values 
cited  by  Stamm  (1964)  for  various  woods.   The  variation  in  diffusivity  does  appear  to 
be  nearly  constant  by  species  of  material  as  long  as  the  physical  properties  do  not 
change.   Then  equation  3,  6,  or  equation  30  presented  by  Fosberg  (1975)  could  be  used 
to  estimate  the  response  time  for  a  given  fuel  situation.   If  diffusivity  is  nearly 
constant  and  the  thickness  of  material  is  known,  response  time  can  be  readily  calculate' 
For  a  given  weather  change  in  temperature  and  humidity,  the  time  response  can  be  con- 
sidered with  the  EMC  equations  to  estimate  the  moisture  content  of  the  litter  and  as 
related  to  f lammability. 
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CONCLUSIONS 


The  equilibrium  moisture  content  response  curve  of  freshly  cast  ponderosa  pine 
needles  is  lowest  of  the  conifer  needle  data  examined,  except  for  Monterey  pine. 
Differences  between  adsorption  and  desorption  are  slight  (<1.5  percent)  to  60  percent 
relative  humidity,  and  the  spread  increases  with  increasing  relative  humidity.   The 
EMC  response  can  be  described  mathematically  if  temperature  and  humidity  are  known. 
Woody  materials,  such  as  twigs  and  splints  of  wood,  maintain  lower  EMC's,  while  grasses 
and  other  herbaceous  materials  have  higher  EMC's,  as  much  as  3  to  4  percent. 

Temperature  effects  on  EMC  seem  to  vary  by  species  and  range  from  0.050  to  0.113 
percent  moisture  content  per  degi^ees  Fahrenheit .   Other  changes  in  the  litter  material,  sue 
as  crude  fats,  density,  or  possibly  shape  caused  by  weathering  and  aging,  result  in  shifts 
in  EMC  values.   Sufficient  data  are  not  available  to  fully  assess  these  influences.   How- 
ever, they  seem  to  influence  botli  EMC  values  and  timelag  response. 

Ponderosa  pine  needles,  freshly  cast,  were  found  to  have  sliorter  timelags  tlian 
other  freshly  cast  conifer  needles;  approximately  4  hours  as  compared  to  10  to  17 
hours.   It  was  noted  in  the  literature  that  a  year's  weathering  changes  the  timelag 
to  a  much  shorter  value,  on  the  order  of  1  hour.   Although  the  change  is  felt  to  be 
associated  with  the  leaching  of  the  crude  fat  and  other  extractives,  it  is  not  known 
how  rapidly  the  change  in  timelag  occurs  or  what  has  been  removed  from  tlie  needles. 

EMC  and  timelag  values  for  ponderosa  pine  needles  are  sufficiently  different  from 
other  species  as  to  significantly  affect  the  flammability  of  an  area.   The  influence 
upon  systems  to  assess  fire  danger  should  be  determined  so  the  use  of  fire-danger  rating 
components  and  indices  is  as  accurate  as  possible. 

Use  of  the  e.xperimental  data  for  fraction  of  moisture  change  and  the  time  for  the 
change  showed  moisture  diffusivity  to  remain  nearly  constant  during  the  response  to 
the  test  conditions.   However,  just  as  air  diffusivity  is  changed  by  pressure  and 
temperatures,  so  may  the  moisture  diffusivity  of  the  litter  material  be  changed.   For 
litter  beds  with  bulk  densities  between  0.31  Ib/ft^  (0.05  g/cc)  and  2.81  Ib/ft^ 
(0.045  g/cc)  the  diffusivity  was  found  to  be  1.2  x  10  ^  cm^/s  and  for  newly  cast 
needles,  2.0  x  lo'^  cm^/s. 
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Sorption  Time  Constants  for  Single  Ponderosa 
Pine  Needles  and  Litter  Beds 
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Table  S. -Sorption  time  constants    (in  minutes)   for  a  single 
ponderosa  pine  needle.      Desorption  conditions:    80°  F   (27°  C) 
and  humidity  change  from  90  to  20  percent.      Adsorption 
conditions:   80°F  and  hurridity  change  from  20  to  90  percent 


Time 

period 

REPLICATES 

1   : 

2    : 

3    : 

4    : 

5 

Average 

Desorption 

1 

260 

272 

68 

374 

29 

201 

2 

225 

119 

264 

63 

24 

139 

3 

430 

238 

222 

74 

29 

199 

4 

320 

358 

222 

74 

29 

201 

5 

150 

450 

173 

76 

32 

176 

Average 

277 

287 

190 

132 

29 

Adsorption 

1 

110 

169 

141 

134 

29 

117 

2 

90 

317 

213 

62 

24 

141 

3 

379 

179 

102 

37 

15 

142 

4 

148 

206 

582 

87 

36 

212 

5 

192 

650 

161 

41 

17 

212 

Average 

184 

304 

240 

72 

24 
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Table   b.  -Sorption  time  constants    (in  minutes)   for  ponderosa  pine 
}ieedle   litter  beds.      Desorption  conditions:    80°  F   (27°  C)    and 
humi.iitij  change  from  90  to  20  percent.      Adsorption  conditions: 
80°  F  and  hwvidity   chantje  from  20  to  UO  percent 


Time  period 

REPLICATES 

;   1   : 

-> 

3    : 

4 

:   5 

Average 

LOADING:   BULK 

DENSITY 

0.005 

o/cm^ 

Desorption 
1 

271.6 

390.0 

265.1 

100.8 

108.7 

227.2 

2 

250.4 

281.5 

348.7 

350.8 

124.8 

271.2 

3 

280.5 

303.2 

397.0 

299.6 

93.8 

274.8 

Average 

267.5 

324.9 

336.9 

250.4 

109.1 

Adsorption 
1 

1/ 

2 

445.7 

355.9 

394 . 4 

149.8 

60.9 

280.9 

3 

285.7 

343.9 

175.1 

255.5 

152.2 

242.5 

Average 

564.7 

349.9 

284.8 

202.7 

106.6 

LOADING:   BULK 

DENSITY 

0.015 

g/cm" 

Desorption 
1 

356.3 

439.6 

482.1 

87.5 

40.1 

281.1 

2 

285.0 

317.5 

346.8 

294.7 

96.2 

268.0 

3 

451.8 

372.6 

298.8 

129.0 

91.8 

268.8 

4 

384.6 

434.4 

243.0 

216.0 

84.0 

272.4 

5 

264.4 

315.0 

279.3 

320.9 

148.9 

265.7 

b 

307.3 

346.4 

383.0 

149.3 

1 39 .  7 

265.1 

Average 

341.6 

370.9 

338.8 

199.6 

100.1 

Adsorption 
1 

452.9 

404.2 

369.8 

65.4 

27.0 

263.9 

2 

291.7 

458.0 

184.7 

335.9 

107.5 

275.5 

3 

343.2 

472.8 

444.0 

132.0 

30.0 

284.4 

4 

292.2 

403.8 

462.0 

78.0 

120.0 

271.2 

5 

307.5 

459.3 

353.8 

118.2 

103.6 

268.5 

6 

393.9 

595.8 

247.4 

89.6 

71.7 

279.7 

Average 

346.9 

465.6 

343.6 

136.5 

76.6 

LOADING:   BULK 

DENSITY 

0.045 

g/cm^ 

Desorption 

1 

271.  1 

351.8 

194.4 

120.0 

52.4 

197.9 

2 

312.8 

413.9 

296.0 

210.2 

55.1 

257.6 

3 

371.5 

514.5 

269.2 

120.2 

66.1 

268.3 

Average 

318.5 

426.7 

253.2 

150.  I 

57.9 

Adsorption 
1 

474.8 

239.6 

277.5 

24.  1 

333.2 

269.8 

2 

353.6 

324.5 

230.7 

45.1 

37.4 

198.3 

3 

374.2 

358.9 

196.3 

133.3 

48.9 

222.3 

Average 

401.0 

307.7 

2  34.8 

139.8 

—       Malfunction    in   the   environmental    chamber  during  absorjotion 
phase  prevented  the   accumulation   of  data   for  the   first   run. 
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Table   1 .--Sorption  time  constants   (in  minutes)   for  ponderosa  pine 
needle   litter  beds.      Desorption  conditions  with  solar  hear:    80°  F 
(27°  C) y   90  to  20  percent  relative   humidity,    0,6  solar  constant. 
Adsorption  conditions  following  solar  heat:   80°  F,    20  to  90  per- 
cent relative  humidity,    0.0  solar  constant 


Ti 

Tie  period 

REPLICATES 

1    : 

2    : 

3    : 

4 

:    5 

Average 

LOADING:   BULK 

DENSITY 

0.005 

g/cm^ 

Desorption 

1 

200.0 

329.9 

496.4 

305.9 

68.2 

280.1 

2 

142.3 

187.6 

205.9 

371.0 

131.7 

207.7 

3 

184.2 

262.9 

270.3 

431.5 

130.3 

255.8 

4 

150.0 

230.1 

260.5 

337.1 

124.8 

220.5 

Average 

169.1 

252.6 

308.3 

361.4 

113.7 

Adsorption 

1 

297.2 

518.3 

521.4 

73.2 

19.0 

285.8 

2 

320.3 

423.7 

263.3 

379.3 

33.8 

284.1 

3 

360.5 

563.5 

310.7 

92.0 

33.8 

272.1 

4 

291.7 

388.9 

334.9 

198.9 

28.9 

248.6 

Average 

317.4 

473.6 

357.6 

185.8 

28.9 

LOADING:   BULK 

DENSITY 

0.015 

g/cm3 

Desorption 

1 

104.5 

168.6 

170.9 

243.5 

298.6 

197.2 

2 

161.3 

185.4 

425.6 

229.4 

327.5 

265.8 

3 

147.6 

157.4 

480.4 

504.4 

95.1 

277.0 

4 

121.2 

212.4 

126.6 

172.8 

279.0 

182.4 

5 

161.4 

200.4 

270.0 

154.2 

120.0 

181.2 

Average 

139.2 

184.8 

294.7 

260.9 

224.0 

Adsorption 

1 

535.1 

418.9 

276.5 

137.:- 

47.5 

283.1 

2 

473.0 

434.9 

203.7 

93.9 

34.5 

248.0 

3 

483.6 

520.0 

336.2 

70.8 

18.6 

285.8 

4 

444.0 

426.0 

325.8 

64.2 

132.0 

278.4 

5 

462.0 

478.0 

283.8 

126.0 

42.0 

278.4 

Average 

479.5 

455.6 

285.2 

98.5 

54.9 

LOADING:   BULK 

DENSITY 

0.045 

g/cm^ 

Desorption 

1 

99.4 

116.7 

222.2 

216.7 

551.3 

241.2 

2 

82.1 

111.1 

252.5 

499.7 

199.1 

228.9 

3 

127.0 

175.6 

264.9 

588.5 

181.9 

267.6 

4 

103.9 

121.1 

171.6 

222.5 

560.8 

236.0 

Average 

103.1 

131.1 

227.8 

381.8 

373.3 

Adsorption 

1 

520.8 

472.0 

264.1 

102.9 

47.1 

281.4 

2 

504.2 

466.6 

233.0 

150.2 

54.4 

281.7 

3 

604.5 

490.8 

203.2 

105.6 

22.7 

285.4 

4 

578.1 

419.7 

179.1 

188.2 

41.9 

281.4 

Average 

551.9 

462.3 

219.9 

136.7 

41.5 
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RESEARCH  SUMMARY 

A  stud\'  on  the  Coram  Experimental  Forest  in  Montana  was  designed  to 
assess  the  environmental  impacts  of  harvesting  and  attendant  road  construc- 
tion. The  objective  of  the  road  portion  of  the  study  was  to  locate,  design, 
and  construct  a  road  with  reduced  impacts  (compared  to  standard  practice) 
on  the  environment  that  would  still  serve  the  near-minimum  needs  of  the 
projected  traffic  volumes,  vehicle  sizes,  and  logging  equipment  (skyline 
logging),  and  to  evaluate  the  costs  and  impacts. 

A  single-lane  (14-foot  (4i.27-m)  finished  surface  with  a  3-foot  (0.  91-m) 
dtich)  road  was  constructed  along  the  general  contour,  turnouts  were  fitted 
to  the  terrain  and  were  not  intervisible,  and  landings  were  not  constructed. 
Other  selected  design  criteria  were  also  used  to  reduce  impacts. 

Skyline  harvesting  was  accomplished  from  the  single-lane  road  without 
undue  difficulty,  and  it  continues  to  serve  traffic  needs.  Comparison  of  the 
road  with  adjacent,  older  forest  roads  incidates  a  major  improvement  in 
esthetic  acceptability. 

A  comparison  of  hauling  costs  with  a  double-lane  road,  using  traffic 
volumes  appropriate  for  the  area  (10  VPH,  1^2  logging  trucks),  showed 
costs  would  be  about  $2.35/M  bd.  ft.  ($0.59/m'^)  higher  for  the  single-lane 
road. 
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Figure  1 . — Location  and  layout  of  experimental   logging  road  on 
Coram  Experimental  Forest,   Montana. 


INTRODUCTION 


Forest  managers  face  a  paradoxical  challenge  of  utilizing  forest  resources  (primar- 
ily timber]  without  damaging  or  destroying  other  assets  of  the  forest.   Also,  with  a 
decreasing  land  base  available  for  timber  growing,  more  intensive  forestry  must  be 
practiced  in  the  future.   These  facts,  along  the  trend  toward  logging  steeper  tc^-rain 
and  more  fragile  soils,  increase  the  potential  damage  from  timber  harvesting  and  road 
construction.   Hence,  minimizing  the  impacts  of  road  construction  wliilc  still  providing 
for  harvesting  and  traffic  needs  is  essential  for  continued  resource  use. 

In  the  past  few  years,  more  attention  has  been  given  to  reducing  road  impacts, 
even  though  some  of  the  trade-offs  have  not  been  very  well  defined.   In  the  jiast,  roads 
were  designed  primarily  to  serve  the  anticipated  traffic  needs  of  the  access  s\'stcm. 
If  traffic  needs  and  user  costs  are  the  primary  consideration,  tlicn  often  the  environ- 
ment suffers.   Because  so  many  forest  roads  must  accommodate  logging  trucks,  for  safety 
and  economic  reasons  roads  of  a  higher  standard  (those  incorporating  extra  width  espe- 
cially) have  often  been  constructed  at  some  expense  to  some,  not  well  defined  to  tlatc, 
environmental  and  social  values. 

Information  is  seriously  lacking  to  evaluate  trade-offs  related  to  social,  environ- 
mental, and  economic  values  associated  with  different  road  standards.   Because  of  tlic 
1  paucity  of  information  on  which  to  base  decisions,  many  research  projects  are  now 
underway  or  are  planned.   This  paper  reports  one  such  stud\'  on  the  Coram  lixpei"  iincnta  1 
Forest  in  Montana  (fig.  1). 

The  broad  objective  of  the  road  study  was  to  locate,  design,  and  construct  a  road 
with  reduced  impacts  on  the  environment  that  would  still  serve  tlie  near-minimum  needs  of 
projected  traffic  volumes,  vehicle  sizes,  and  logging  equipment,  and  to  evaluate  tlic 
costs  and  impacts.   Some  of  the  minimum  road  design  criteria  were  set  b\'  the  i-equi  rement  s 
of  the  logging  and  transport  ecjuipment.   Small  commercial  running  skyline  s\'stems  were 
specified  to  reduce  road  width  requirements  as  much  as  possible.   Tliis  report  evaluates 
road  design,  construction,  and  cost  and  compares  costs  to  those  of  alternative  designs. 
Also,  observations  of  initial  performance  of  the  road  and  its  cstlictic  acceptabi  1  i  t\- 
are  presented. 


ROAD  LOCATION  AND  DESIGN 


General  Design  Procedures 

Until  the  past  few  years,  the  environmental  and  social  impacts  of  road  construct 
were  given  little  or  no  consideration.   Road  standards  were  concerned  primarily  with 
geometric  and  structural  features  that  would  provide  safe  and  economical  transportati 
These  standards  specified  some  or  all  of  the  following:  i 

--width  of  road  x-section 

--width  of  clearing 

--grade 

--alinement 

--water  control  specifications  (drainage) 

--consolidation  [bearing  strength) 

--surfacing. 

The  principal  differences  among  standards  are  grade,  width,  alinement,  and  sur- 
facing.  A  so-called  low-standard  road  is  often  thought  to  be  associated  with  high 
environmental  impact  and  a  high-standard  road  with  low  environmental  impact.   (Often 
the  results  can  be  opposite  to  these  assumptions.)   A  road  standard,  as  the  term  has 
generally  been  used,  should  not  be  used  alone  as  an  indicator  of  impact--more  informa 
tion  about  a  road  is  needed  to  judge  impact. 

Recognizing  the  importance  of  topographical  location,  proximity  to  streams,  and 
fragile  soils,  the  environmental  and  esthetic  impacts  of  roads  can  usually  be  mini- 
mized by  reducing  road  and  clearing  widths.   Reducing  widths  accomplishes  the  followi 

--Reduces  the  area  covered  by  the  road  x-section  which  in  turn: 

--reduces  the  amount  of  cut-and-fill  slope  exposed  to  view, 
--intercepts  less  ground  and  surface  water  flow,  thereby 

reducing  potential  hydrologic  impact,  and 
--reduces  the  potential  for  erosion. 

Other  design  features  that  reduce  impacts  are: 

--fitting  the  alinement  to  the  topography  to  avoid  large  cuts  and  fills 
--providing  adequate  drainage  for  surface  and  subsurface  flow 
--stabilizing  subgrades  and  surfaces 
--stabilizing  cut-and-fill  slopes  by  vegetative  and  mechanical  methods. 

The  guiding  criterion  for  the  experimental  road  was  to  reduce  impacts  while  stil 
providing  for  the  basic  requirements  of  the  traffic  and  logging  equipment;  therefore, 
width  became  the  most  important  design  feature  to  reduce  exposed  area  and  resulting 
impacts. 


Experimental  Road  Design 

objectives  and  Guidelines 

The  road  was  constructed  to  provide  access  for  an  experimental  loj^i;  int.',  study  of 
the  productivity  of  si<yline  logging  under  differeiit  si  Iv  icul  tura  1  and  utilization  pre- 
scriptions.  The  principal  guidelines  and  constraints  were: 

--to  reduce  physical  and  visual  imjiacts  on  the  site  and 

--provide  access  to  the  harvesting  units  for  all  traffic  and  skyline  logging 
equipment . 

Within  these  guidelines,  the  major  objectives  of  the  stud)'  were  to: 

--develop  design  criteria  to  reduce  physical  and  visual  impacts  and 
--assess  the  environmental  impacts  and  economic  performance  of  the  road. 

Location  and  Design 

The  areas  to  be  harvested  and  the  new  road  constructed  to  provide  access  are  sliown 
in  figure  1.  Three  cutting  blocks  11,  12,  and  13  were  accessible  from  an  existing  road 
(Flathead  NF  road  590-B)  .  The  experimental  road,  an  extension  of  road  .S90-R,  was  built 
to  provide  access  to  the  other  three  blocks  21,  22,  and  2.S. 

Planning  and  design  for  this  road  proceeded  somewhat  differently  from  a  nonnnl 
forest  road  because  of  the  objectives.   However,  route  reconnaissance  and  verification 
proceeded  in  a  normal  manner  using  access  needs,  available  photography,  and  soils  and 
geologic  information.   Whenever  a  skyline  logging  system  is  used  and  access  starts  from 
below  the  units  (fig.  1),  it  is  often  advantageous  to  switcli  back  on  the  terrain  to 
gain  the  elevation  needed  for  the  skyline  system.   Tlie  locations  found  for  tiic  second 
and  third  switchbacks,  shown  in  figure  1  and  appendix  figures  17  and  IS,  fixed  the 
ruling  grade  for  the  primary  climbing  sections  of  the  road  from  approximately  station 
5+00  to  45+00. 

After  the  route  was  selected,  the  design  phases  proceeded  differently  tlian  for  a 
system  road.   Because  the  primary  objective  was  to  reduce  impacts,  especial 1\'  esthetic 
impacts,  road  width  was  set  at  the  width  that  would  accommodate  the  tracks  of  the  pro- 
posed yarding  equipment  (12.5  ft  (5.81-m)l,  witli  a  minimum  extra  width  for  safet\-,  anil 
a  ditch  was  added  for  drainage-- 14-foot  (4.27-m)  finished  surface,  with  a  3-foot  (0.91- 
m)  ditch  (app.  fig.  19).   Normally,  a  log-hauling  cost  analysis  would  be  made  at  tliis 
point  to  assist  in  determining  road  width,  curve  radius,  sight  distances,  and  turnout 
spacing.   Instead,  the  14-foot  (4.27-ml  surface  was  used,  and  turnouts  were  placed 
where  the  terrain  was  favorable  and  are  not  intervisible  as  normally  desired.   As 
mentioned  earlier,  landings  were  not  specifically  designed,  although  it  was  npjiarent 
that  turnouts  and  areas  where  curves  were  widened  could  be  planned  for  use  as  landings. 

The  following  features  were  specified  for  the  final  design. 

1.   Right-of-way  slash  was  disposed  of  on  the  first  59  stations  b\-  chipping  and 
scattering.   The  balance  of  the  slash  to  station  105+19  was  disposed  of  by  l)urning. 

Traditionally,  right-of-way  slash  has  been  burned.   Burning,  propei-l\-  tlone,  not 
only  disposes  of  the  slash,  it  also  immediately  returns  nutfients  To  the  soil.   However, 
because  the  area  burned  is  later  incorporated  in  the  road,  the  nutrient  return  value  is 
questionable.   If  the  job  is  not  done  properly,  cjuantities  of  unburnetl  materinl  usual  1\- 
end  up  in  the  road  fill.   Either  way,  smoke  from  burning  is  objectionable. 


An  alternative  method  used  for  many  years  for  powerline  right-of-ways,  especiall 
in  gentle  terrain,  is  to  chip  and  scatter  the  slash.   To  compare  costs  and  results, 
this  treatment  was  incorporated. 

2.  Station  26+00  to  58+00--trees  were  cut  selectively  on  both  cut-and-fill  side 
Removal  on  cut  side  as  near  as  possible  to  cut  without  danger  of  slope  failure;  fill 
side  a  minimum  of  8  feet  (2.44-m)  from  road  shoulder,  or  the  branches  trimmed  to  not 
interfere  with  traffic. 

Conventional  clearing  widths  have  traditionally  extended  5  feet  (1.52-m)  back 
from  the  cut  slope  and  minimum  of  the  toe  of  the  fill  slope,  both  depending  on  soil 
and  timber  types  and,  in  some  cases,  climatic  factors.   In  order  to  reduce  clearing 
widtlis  to  minimize  esthetic  impacts,  the  clearing  widths  were  modified  as  shown. 

3.  Station  49+00  to  58+00--subsurface  conditions  allowed  for  the  use  of  1/10:1 
cut  l^acks lopes. 

A  seismic  traverse  was  run  over  the  entire  route  to  assist  in  the  design  of  the 
backslopes.   The  bedrock  in  this  section  was  soft  enough  to  rip,  (seismic  velocity 
4,000  ft/sec  (1,219  m/sec)),  but  competent  enough  to  stand  on  1/10:1  backslopes.   The 
objective  was  to  reduce  the  amount  of  area  disturbed  by  the  road  prism  and  the  sub- 
sequent clearing  necessary.   Because  the  exposed  rock  sections  (3/4:1  slopes)  on  the 
old  road  below  had  not  revegetated  in  20  years,  opening  up  flatter  slopes  would  appea 
merely  to  expose  more  raw  slope  to  weathering.   The  steep  slopes  produce  air-slacked 
material,  but  so  do  the  flatter  slopes. 

4.  Turnouts  were  not  intervisible. 

Turnouts  were  used  when  the  terrain  was  favorable,  thus  keeping  road  widths  down 
to  reduce  impacts.   Modern  logging  trucks  are  equipped  with  two-way  radios  that  can  b 
used  to  regulate  traffic.   This  helps  compensate  for  reduced  spacing  and  reduces  po- 
tential traffic  dangers.   (This  road  was  closed  to  public  traffic  during  the  study.) 

5.  Stepped  backslopes  were  used  from  approximately  station  79+09  to  83+53  and 
were  planted  to  different  varieties  of  slirubs  or  grass. 

Seismic  velocities  here  (station  79+09  to  83+53)  showed  that  the  bedrock  was  com 
patent  to  experiment  with  tlie  stepped  backslopes  shown  in  appendix  figure  19.   When 
good  fill  or  surface  material  is  needed  in  a  road  and,  for  reasons  of  overall  economy 
it  can  be  obtained  from  a  cut  slope  in  a  favorable  location,  then  some  treatment  to 
dampen  the  appearance  of  the  cut  should  be  utilized.   Shrubs  were  planted  in  this 
section  to  evaluate  this  treatment. 

6.  Other  selected  3/4:1  backslopes  were  planted  to  shrubs  or  grass. 

Revegetation  success  on  road  cut  slopes  steeper  than  1:1  has  not  been  good  in  mo 
areas  of  the  United  States.   The  reasons  are  usually  instability  from  air  slacking  or 
sloughing,  and  sometimes  lack  of  moisture  because  of  exposure  (aspect).   Grass  seedin 
was  carefully  done  with  and  without  a  mulch  and  shrubs  were  planted  to  test  the  cost 
and  effectiveness  on  some  selected  slopes  steeper  than  1:1. 

7.  Selected  fill  sections  were  straw  mulched  and  rolled  with  an  Angeles  NF- 
designed,  sheep's  foot-type  roller  to  impregnate  the  straw  and  stabilize  the  surface 
the  fill  slope. 

One  of  the  most  effective  ways  to  stabilize  steep,  granular  fill  slopes  is  by 
impregnating  straw  with  a  special  roller.   The  straw  does  not  blow  or  wash  off  the  si 
and  the  roller  compacts  the  top  6  to  8  inches  (15-20  cm)  of  loose  soil  on  the  slope. 


8.      Neoprene  downspouts  were  used  because  of  better   stability  on   the    fill    slojies 
and   ability   to  dissipate  part   of  the   energy  at    the  outflow. 

Although  neoprene  downspouts   have   been   used   quite   often    in    the   past    few   years, 
there   is   still   a  need   for  more  testing,    especially   for   functioning   in  different    situa- 
tions  and   for  more   information   about   the    life  of  these   structures.      Because   they  do   not 
require  anchoring  on   the   slope  or   connecting  bands,    they  are  not    likely   to   be   displaced. 

Design   criteria  produced  a   road   shown   in   the   following  descriptions   and   table    1. 

--Length    -    2.046   miles    [3.292   km). 

--Width   -    14    feet    [4.27   ml    with   3-foot    (0.91   m)    ditcli- -turnouts   were   comliincd   with 

probable    logging   set    locations;    standard   curve  widening. 
--Maximum  grade   -   9.41   percent;    average   grade   -   6.72  percent. 
--Minimum  curve  radius    -    75    feet    (22.9  m) . 
--Surfacing   -   none. 

--Standard   clearing  width   -    5    feet    (1.52  m)    from  cut    slopes   and   toe   of   fill. 
--Clearing   from  station   26+00  to   58+00   -   trees   cut    selectively  on   both  cut-and-fill 

sides--removed  on  cut   side  as  near  as   possible  without   danger  of  slope   failure; 

fill    side  a  minimum  of  8    feet    (2.44  m)    from  road    shoulder,    or   the  branches   triimicd 

to  not    interfere  with  traffic. 
--Culverts    -    18-inch    (0.457-m)    CM. P.    minimum   size. 
--Downspouts    -    flexible  neoprene. 
--Compaction    -   with  grading   equipment. 


Table    I .  --Grade,    distance,,   and  alint-ment — experimental  section  Abbot  Basin  Road  590- 


Section 


Stat  ion 


Grade 


Distance 


No.    curves 


Curve   radius 


'00  ft 


Mi 


(Im) 


Degrees 


1 

0-2+00 

3.85 

0.038     ( 

061) 

0 

2 

2+00-5+00 

6.60 

.057 

092 

") 

108, 

108 

3 

5+00-7+00 

4.65 

.  038 

061 

0 

4 

7+00-16+60 

8.82 

.182 

293 

2 

716, 

573 

■  I 

16+60-21+00 

8.64 

.083 

134 

2 

143, 

14  3 

21+00-25+00 

6.84 

.076 

122 

0 

1 

^22+14-26+50 

9.12 

.083 

134 

2 

286, 

358 

8 

26+50-30+50 

5.25 

.076 

122 

2 

88, 

88 

9 

30+50-36+00 

8.22 

.  104 

167 

3 

119, 

3S8, 

358 

10 

36+00-42+55 

7.53 

.124 

200 

4 

409, 

204, 

179,  358 

11 

42+55-48+00 

3.85 

.  103 

166 

2 

75, 

75 

12 

48+00-56+00 

7  .  06 

.152 

245 

3 

358, 

358, 

239 

13 

56+00-59+40 

9.41 

.064 

103 

1 

14  3 

14 

59+40-65+50 

6.19 

.112 

196 

2 

204, 

179 

15 

65+50-70+50 

4.45 

.095 

153 

1 

500 

16 

70+50-74+50 

7.62 

.076 

122 

2 

477, 

140 

■■Is 

74+50-85+00 

5.63 

.  199 

320 

3 

477, 

57  3, 

179 

85+00-91+00 

8.59 

.114 

183 

3 

358, 

14  3, 

143 

19 

91+50-94+65 

6.58 

.  069 

111 

1 

204 

20 

94+65-99+00 

1.38 

.082 

132 

1 

286 

^Equation: 

For  analysis  purposes    (used   later),    tlie   road   was   divided    into   two   sect  i  ons--iiin  ior 
climbing  and   switchback   0+00-59+40   and   59+40-99+00. 


Section    I 
Section    II 


Ave,    grade 

7 .  26% 
5.90% 


Ave,    curve  radius 

229 
297 


No.    curves/mile ( /km) 

19.4        (12. n 
17.4         (10.8' 


ALTERNATIVE  DESIGNS, 
CONSTRUCTION,  AND  COSTS 


Alternate  Designs  and  Construction  Cost 

To  evaluate  the  probable  effects  of  alternative  designs,  the  study  road  P-Line 
location  is  retained  and  adjustments  for  different  standards  made  from  the  P-Line. 
(The  P-Line,  or  route  location,  is  of  prime  importance  no  matter  what  width  or  other 
parameter  adjustments  are  made  to  the  final  design.   Often  it  is  impossible  for  design 
changes  and  innovations  to  compensate  for  inadequate  route  selection.)   Because  of  the 
relatively  small  central  angles  for  most  curves  on  the  design  road,  except  the  switch- 
backs, and  because  of  the  minimum  curve  radius  of  75  feet  (22.9  m) ,  the  primary  adjust- 
ments made  for  two  simulated  road  standards  (an  SN-16  (4.88)  and  a  DN-24  (7.32))  were 
in  road  and  clearing  widths.   The  designations  for  road  standards  in  the  Forest  Service 
are  being  revised.   In  the  old  system,  SN-16  (4.88)  designates  a  single-lane,  normal 
16-foot-wide  (4.88  m)  road.   In  the  new  nomenclature,  the  numbers  following  the  letter 
designations  represent  design  speed.  For  example,  S-15  (24.1)  designates  a  single-lane, 
road  designed  for  a  speed  of  15  miles  per  hour  (24.1  km/h) .   The  latter  designation  is 
more  descriptive  of  the  trafficability,  but  doesn't  give  specific  information  about 
width.   However,  often  because  of  curve  widening,  width  added  for  settling  and  slough, 
and  turnouts,  width  of  a  single-lane  road  varies  so  much  that  very  few  sections  end  up 
design-template  width,  anyway.   Both  designations  for  standard  will  be  shown,  with  the 
design  speed  designation  in  parentheses. 

For  comparison,  the  side-by-side  quantities  and  cost  will  be  shown  for  each  case 
or  standard  below: 

I.   SN-14  (4.27)  (S-15  (24.1))  -  3-foot  (0.91-m)  ditch  (the  experimental  road). 

11.   SN-14  (4.27)  (S-15  (24.1))  -  3-foot  (0.91-m)  ditch  without  backslope  or 
clearing  modifications;  that  is,  3/4:1  backslopes  throughout,  standard 
clearing  widths. 

III.   SN-16  (4.88)  (S-17  (27. 4))-^  -  3-foot  (0.91-m)  ditch  with  the  same 
backslope  and  clearing  modifications  as  the  experimental  road. 

IV.   DN-24  (7.32)  (D-24  (38.6))  -  4-foot  (1.22-m)  ditch  with  the  same  backslope 
and  clearing  modifications  as  the  experimental  road. 

The  design  quantities  were  computed  using  the  computer  program  of  the  Northern 
Region,  Missoula,  Montana.   Table  2  shows  the  construction  items  and  cost  for  each  of 
the  above  standards. 


\l   Normally  a  road  would  not  be  designed  for  a  speed  of  17-mi/h  (27.4-km/h) --in 
this  case,  the  16-foot-wide  (4.88-m)  road  with  turnouts  provides  a  facility  for  17-mi/h 
(27.4-km/h)  traffic. 


Table  2 .--Construction  items,    unit  cost,    total   cost,   and  cost  per  kilometer   (mile)   of 
alternative  road  standards    (Dollars) 


Construction 
item 


Unit 

of 

measure 


Unit 
cost 


Alternative  road  standard 


Units 


Cost 


II 


Units 


Cost 


II] 


Units 


Cost 


IV 


Units 


Cost 


Clearing  and 
grubbing     hectare   4,568.00    3.24 
(chipping)     (acre)   (1,850.00)   (8.00) 


14,800 


3.44 
(8.50) 


15,725 


5.50 
(8.05) 


16,002    ^^If^^         19,573 


Clearing  and 
grubbing     hectare   3,951.00    2.54 
(burning)     (acre)   (1,600.00)   (6.27) 


10,052 


2.57 
(6.34) 


10,144   ^;;;;,   10,83: 


3.50 
(S.(>3) 


13,803 


Unclassified 
e.xcavation   meters 


1.65    34,773 


56,664 


..^,,j^.-,  .        37,948 

(Std.  1,  II,  (yards^)    (1.25)   (45,483)  ''^ '^^'^    (47,957)    ^-''^'''^   (49,'h56)  ^'- '^^'^ 
and  III) 


Std.  IV 


1.25 
(0.96) 


59,086 
(77,284) 


74,193 


Slope 
Rounding 


( 1 inear) 
meters 
(feet) 


0.11 
(0.35) 


744 
(2,440) 


854 


744 
(2,4401 


854 


744 
(2,440) 


854 


744 
(2,440j 


854 


Overhaul 


m  -^  V.m 
(yd^  mi ) 


2.63      82.3 
(1.25)    (173.3) 


217 


159.8 
(536.4) 


420 


148.9 
(315.4) 


205.5 
(452.6) 


530 


Corrugated 
metal  pipe- 
4.57  m  (18 
in)  dia. 


( 1 inear) 

meters    26.30 
(feet)      (8.00) 


(500)    ■'•"0"    (500) 


4,000 


177 
(580) 


4,641 


211 
(091) 


5,528 


Total  cost 


86,757 


91 ,089 


94,765 


114,481 


Cost  per  l^m 

(mile)  for 

3.29  km         S/lcm 

(2.046  mi) 


26,370 
(42,403) 


27,686 
(44,520) 


28,804 
(46,317) 


34,7  97 
(55,954  1 


It  is  readily  apparent  from  table  2  that  using  1/10:1  backs  lopes,  where  subsurface 
conditions  were  favorable,  and  reducing  clearing  widths,  saved  cost  ($4,333)  and  reduced 
impact  with  no  adverse  effects  on  logging  or  hauling  cost. 


The  cost  of  a  conventional  road  can  be  estimated  from  table  2  by  using  standard 
clearing  and  grubbing  cost  ($l,600/acre  ($3,951/ha))  for  these  quantities  for  road 
standard  II.   The  estimated  cost  for  a  conventional  road  then  is  $88,965  vs  $86,756 
for  the  experimental  road. 

User  Cost 

The  differences  in  construction  cost  show  the  additional  capital  investment  re- 
quired for  higher  standard  roads.   One  must  also  compare  effects  of  standards  on  user 
cost.   For  most  forest  roads,  timber  hauling  cost  is  the  major  user  cost. 

As  normal  planning  procedure,  these  costs  are  used  to  compare  the  potential 
benefits  with  the  impacts  they  create  to  assist  in  determining  road  standards.   A 
volume  of  traffic  of  10  vehicles  per  hour  is  assumed  for  the  computation  of  minutes 
per  round  trip  mile  (kilometer)  in  tables  3,  4,  and  5.   This  was  done  to  make  the 
comparison  for  traffic  volumes  more  typical  of  a  system  road  in  this  area.  The 
Logging  Road  Handbook,  Byrne  and  others  (1960)  was  used  for  the  computation. 

Tables  3,  4,  and  5  show  that  when  a  road  is  laid  lightly  on  the  land  (contoured), 
the  alinement  will  usually  control  tlie  speed,  when  ruling  grades  are  less  than  6  to  7 
percent.   This  means  that  any  significant  improvement  in  speed  (reducing  vehicle  user 
cost)  must  be  gained  by  increasing  width,  as  was  done  in  this  case. 

Under  the  assumptions  used  for  table  6,  12,936  M  bd .  ft.  (51,223  m^)  of  timber 
would  be  carried  over  the  road  annually.   Although  10  VPH  is  relatively  light  traffic 
when  a  substantial  part  of  the  traffic  is  logging  trucks,  50  percent  in  this  case, 
a  rather  large  volume  of  timber  could  be  transported  each  year.   As  traffic  increases, 
especially  logging  traffic,  users  tend  to  favor  higher  standards  because  of  lower  costi 
(Gardner  1971) . 


Table  -h. --Minutes  per  round  trip  mile    (km)   -  SN-14    (4.27)  (S-15    (24.1)) 


Road 

1/ 

:           Grad( 

li 

Alinement 

section 

:    Loaded     : 

Empty     : 

Loaded     :    Empty 

I 
II 

2.55  (1.58) 
2.20  (1.37) 

2.25  (1.40) 
1.90  (1.18) 

4.00  (2.49)     3.90  (2.42) 
3.50  (2.18)     3.50  (2.18) 

:   Time  gov.^  , 
:    by  empty— 

:    Total  time 
:    RTM  (RTKm) 

:    Distance    : 

:      RT      :    Time/section 

I 
II 

4.13  (2.57) 
3.80  (2.36) 

8.13  (5.05) 
7.30  (4.54) 

2.26  (1.40)       18.37  (11.42) 
11.49  (0.93)       10.83  (6.73) 

J_/  Road  sections  are  used  to  facilitate  the  hauling  analysis  as  shown  in  table  1. 

2/    Increase  dependent  on  spacing  of  turnouts. 

Total  time  RTM  =  18.37  +  10.83  =  29.20  min 
Total  time  RTKm  =  (11.42)  +  (6.73)  =  (18.15)  min 
Weighted  average  for  both  sections  =  7.79  min/RTM  (4.84  min/RTKm)  (15.4  mi/h  (24.! 
km/h) ) 


Table  A. --Minutes  per  round  trip  mile   (hn)—Sfl-lG   (^hSS)    (S-J7   (27.4)) 

Road  :  Grade : Alinement 

section :    Loaded    :    Empty :    Loaded \ Empty 

I  2.55  (1.58)    2.25  (1.40)     3.70  (2.30)     3.50  (2.18) 

II  2.20  (1.37)    1.90  (1.18)     3.40  (2.11)     3.20  (1.99) 

:   Governing    :    Total  time    :    Distance    : 
:     time :     RTM  (RTKm)    : RT :    Time/section 

1  3.71  (2.31)      7.41  (4.61)       2.26  (1.40)       16.75  (10.41) 

II  3.47  (2.16)      6.87  (4.27)       1.49  (0.93)      10.24  (6.36) 

.NOTE:   Total  time  RTM  =  16.75  +  10.24  =  26.99  min 

Total  time  RTKm  =  (10.41)  +  (6.56  =  (16.77)  min 

Weighted  average  for  both  sections  =  7.20  min/RTM  (4.52  min/RTKm)  (16.7  mi/h  (26.9 
km/h)) 


Table  5. --Minutes  per  round  trip  mile    (hn)    -  DN-24    (7.32)    (D-24    (28.6)) 


Road 

:          Grade          : 

Alinement 

section 

:    Loaded    : 

Empty    : 

Loaded    : 

Empt) 

' 

I 
II 

2.55  (1.58) 
2.20  (1.37) 

2.25  (1.40) 
1.90  (1.18) 

2.60  (1.62) 
2.30  (1.43) 

2.60 
2.30 

(1 
(1 

62) 
45) 

:   Governing   : 
:     time    : 

Total  time 
RTM  (RTKm) 

Distance 
:      RT 

Time/section 

I 
II 

2.60  (1.62) 
2.30  (1.43) 

5.20  (3.23) 
4.60  (2.86) 

2.26  (1.40) 
1.49  (0.93) 

11.75  (7.30) 
6.85  (4.26) 

Note:  Total  time  RTM  =  11.75  +  6.85  =  18.60  min 

Total  time  RTKm  =  (7.30)  +  (4.26)  =  (11.56)  min 

Weighted  average  for  both  sections  -  4.96  min/RTM  (3.08  min/RTKm)  (24.1  mi/h 

(38.8  km/h)) 


For  the  cost  comparisons  in  tables  6  and  7,  the  following  assumptions  were  made: 

Table  6 

--10  vehicles  per  hour  (VPH)--with  half  of  the  traffic  lodging  trucks  and  half 

administrative  and  other  traffic. 
--cost  of  operating  logging  trucks,  including  tlie  drivers'  wages--0. 25/min. 
--cost  of  operating  other  vehicles--0. 04/min. 
--8-hour  hauling  day,  140  days  per  year  use. 
--20-year  road  life. 
--6  percent  interest. 
--6.0  M  bd.  ft.  (23.8  m^)  loads  for  logging  trucks. 


Table  7 


--5  VPH--half  logging,  half  other, 
--all  other  assumptions  same  as  table  6,  except 

--average  load  of  logging  and  residue  trucks  used  from  Coram  experimental  logging 
study--3.84  M  bd.  ft.  (15.2  m^)  . 


Table  6. --Cost  summary  aomparison   (10  VPH — 1/2  logging  trucks^    1/2  other  traffic) 


Road    : 
standard  : 

Annual 
amortized 
diff.  in  cost"^ 

Annual  diff.   : 
hauling  cost   : 

Annual  diff.     : 
other  traffic    : 

Net 
diff. 

I 
III 

IV 

0 
+  1,842.99 
+11,790.22 

-  6,209.28 
-30,529.96 

-   862.40 
-4,743.20 

-  5,228.64 
-23,482.94 

^Capital  recovery- -6%,  20-year  life. 


Table  7. --Cost  summary  comparison   (5  VPH — 1/2  logging  trucks^    1/2  other  traffic) 


Annual       : 

Road    : 

amortized     : 

Annual  diff.   : 

Annual  diff.      : 

Net 

standard  : 

diff.  in  cost    : 

hauling  cost   : 

other  traffic    : 

diff. 

Dollars 


I 

0 

II 

+  1 

,842 

99 

IV 

+11 

,790 

22 

■  3,187.65 
■15,287.59 


■   431.20 
■2,371.60 


■1,775.86 
■5,868.97 


The  data  in  table  7  more  nearly  approximate  the  traffic  volume  for  the  experiment, 
sale  (presently  a  dead  end  road) ,  although  the  traffic  was  more  intermittent  and  did 
not  extend  for  a  full  140  days  during  the  year  of  the  logging  (1973). 

Table  7  also  indicates  that  this  volume  of  traffic  is  near  the  break  even  point 
for  road  standards  (primarily  width  in  this  case)  related  to  hauling  cost.   For  this 
particular  road,  just  wide  enough  for  the  logging  equipment,  any  environmental  values 
obtained  would  cause  little  economic  sacrifice.   (For  the  Coram  experimental  sale,  onl 
about  1  1/2  million  board  feet  (5,535  m^)  were  harvested). 

The  preceding  discussion  and  comparisons  would  be  useful  for  deciding  road  stan- 
dards.  To  complete  an  analysis  of  road  standards,  the  effect  of  the  road  standard  on 
harvesting  cost  as  well  as  hauling  cost  would  be  necessary.  However,  the  effects  on 
harvesting  cost  could  not  be  made  for  this  study  where  only  one  standard  was  built. 
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ROAD  PERFORMANCE  TO  DATE 


Structural  Features 

Road  inspections  of  April  and  June  of  1974  and  observations  througliout  the  summer 
and  fall  of  1974  showed  no  structural  failures  of  any  kind.   Some  minor  sloughing  and 
settling  had  occurred. 

1/10:1   baakslopes . --Tvio   photos  taken  from  approximately  station  54+00,  after  the 
first  winter  and  after  final  grading,  tell  the  story.   Figure  2  shows  two  or  three  sec- 
tions where  1/2  to  1  cubic  yard  (0.13-0.26  m^)  of  rock  sloughed  off  the  cut  bank.   Fig- 
ure 3  shows  the  same  section  of  road  after  final  grading  and  how  it  appeared  the  balance 
of  the  year.   Only  minor  sloughing  is  likely  in  the  future. 

3/4:1  baakslopes. --Tvio   areas  of  3/4:1  backslopes  showed  some  sloughing  or  slumping 
after  the  first  winter,  but  are  now  relatively  stable  and  no  major  failures  are  anti- 
cipated.  Figure  4  shows  minor  slumping  at  station  37+20  on  a  relatively  long  slope  in 
the  deepest  soil  mantle  found  on  the  entire  road.   Some  minor  sloughing  or  slumping 
could  be  expected  on  3/4:1  backslopes  in  this  material. 


Figure  2. — Near  station  54+00 — view  of  1/10:1  backslopes  before  final  grading. 
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Figure  3. — Near  station  54+00 — view  1/10:1  baokslopes  after  final  grading. 


Figure  4. — Slumping  out  slope  near  station  27+20. 
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Figure  5. — Minor  settlement  in  rook  fracture  at  station  64+34. 


A  minor  U-shaped  settlement  occurred  in  the  cut  hank  at  station  64+34  (fig.  5) 
because  of  rock  fracturing. 

In  figure  6,  several  yards  of  rock  slabhed  off  the  cut  bank  at  station  76+20 
because  of  dip  and  fracture  in  the  bedrock.   No  further  sloughing  of  any  extent  is 
expected  here. 

Stepped  or  serrated  haakslopes. --kn   experimental  section  of  approximately  450  feet 
(137  m)  of  backslope  was  stepped  to  test  growth  of  grass  and  shrubs  and  to  evaluate 
esthetics  and  stability.   This  area  has  relatively  high  precipitation  and  a  favorable 
aspect.   Revegetation  success  was  generally  good.   Figure  7  shows  a  completed  section 
of  serrated  backslope.   The  dip  and  strike  of  the  rock  formations  made  stepping  diffi- 
cult and  resulted  in  the  steps  being  not  quite  as  wide  as  planned.   The  steps  have  been 
planted,  and  it  is  believed  that  most  of  the  sloughing  expected  has  taken  place.   Slough- 
ing eventually  leaves  less  pronounced  steps,  but  provides  a  seedbed  and  more  moisture 
to  the  plants. 

Fill   slopes.  --?i\\s   were  designed  on  either  a  1  1/2:1  or  1  1/4:1  slo])e,  ciepcnding 
on  the  material.   Many  sections  contained  enough  rock  to  support  1  1/4:1  slopes.   I'ill 
slopes  were  compacted  by  the  earth  moving  equipment.   Figure  8  shows  a  t>'7)ical  fill  at 
station  87+75.   The  material  in  the  area  of  station  93+00  produced  the  only  section 
where  the  fill  slope  was  slightly  undulating,  shown  in  figure  9. 
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Figure  6. — i?cic/c  sZaZ?  spalling  due  to  dip  and  fracture  at  station  76+20. 
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Figure   7. — Stepped  baakslopes  in  rock  out  near  station  82+50. 
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Figure  8. — Typical  side-aast  fill  on  1   1/2:1  slope  at  station  87+75. 


Figure  9.— Fill  containing  some  fine  colloidal  material  that  produced  a  slightly 

uneven  but  stable  slope  at  station  93+00. 
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Drainage 

Drainage  is  provided  by  a  3-foot  (0.91-m)  ditch,  corrugated  metal  pipe,  and  neo- 
prene  downspouts.  Only  three  culverts  experienced  any  flow  during  the  first  year. 
However,  seasoning  of  the  ditch  sections  will  produce  more  flow  in  the  future. 

Minor  seepage  was  recorded  in  April  from  four  cut  bank  sections  at  stations  12+40, 
21+75,  41+00,  and  55+00.   The  seepage  at  the  first  two  locations  continued  throughout 
the  year,  but  no  damage  resulted  from  the  seepage.   A  typical  area  of  seepage  is 
station  41+00,  shown  in  figure  10. 

Neoprene  downspouts  were  used  because  of  their  greater  stability  on  fill  slopes 
and  effectiveness  in  dissipating  part  of  the  energy  under  conditions  of  flow.   The 
installation  at  station  57+50  is  shown  in  figure  11. 

Porous  soil  over  the  fractured  limestone  basin  minimized  the  need  for  water 
control. 


^ 


Figure  10. — Typical  minor  seepage  at  station  41+00 
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Figure  11. — Neoprene  down- 
spout laid  on  top  of  fill 
at  station  57+50. 
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Clearing 

Slash  from  the  road  right-of-way  was  disposed  of  on  the  first  59  stations  hy 
chipping  and  scattering.   Because  of  this  requirement,  the  contractor  removed  and  sold 
much  more  small  material  than  he  would  have  on  a  pile-and-burn  operation.   This  resulted 
in  very  small  volumes  of  material  being  chipped  and  scattered.   The  author  couldn't  find 
a  concentration  of  chips  visible  enough  to  photographi   Only  the  tops  and  limbs,  in  most 
cases,  were  chipped  in  a  small  Fitchburg  right-of-way  chipper. 

The  difference  in  overall  appearance  between  the  standard  and  reduced  clearing 
widths  can  be  seen  in  figures  12  and  13.  As  previously  discussed,  reduced  clearing 
widths  generally  reduce  esthetic  impacts. 
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Figure  2  2. — Road  section,   conventional  clearing. 
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Figure  13. — Road  section  with  vertical  cut  and  reduced  clearing  width 
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Erosion 

Runoff  and  erosion  were  not  anticipated  to  cause  significant  problems  because 
of  the  leaky,  fractured  limestone  basin  and  the  road  material.   There  was  no  evidence 
of  overland  flow  on  the  location  before  the  road  was  constructed,  and  very  little  sub- 
surface flow  has  been  intercepted  by  the  road  prism.   Obviously,  tlie  percolation  rate 
is  high  and  the  phreatic  gradient  steep. 

The  first  year  after  construction,  ditch  flow  was  small  and  carried  little  or  no 
sediment.   No  evidence  of  overland  flow  of  sediment  was  found  and  little  or  no  sediment 
is  expected.   The  entire  section  of  road  is  separated  from  any  live  stream.   Hence, 
if  in  the  future  any  sediment  flow  does  develop,  it  would  not  reach  a  live  stream. 

Revegetation 

Because  the  revegetation  experiments  will  be  reported  in  detail  in  another  paper, 
only  the  generalities  will  be  discussed  here.   The  primary  objectives  of  revegetation 
were  to  help  stabilize  the  slopes  and  reduce  visual  impact.   The  relative  importance 
of  these  objectives  for  any  road  varies  with  the  location  of  the  road.   Location  affects 
stability  and  visual  considerations.   For  example,  in  some  cases,  revegetation  could  be 
entirely  for  esthetic  reasons. 

The  shrubs  and  grass  used  for  revegetation  were  listed  in  appendix  tables  8  and  9, 
along  with  the  first-year  survival  on  the  shrubs.   Obviously,  the  effect  of  these  plant- 
ings on  the  appearance  of  the  road  cannot  be  evaluated  until  the  shrubs  have  had  some 
time  to  develop.   Initial  survival  is  very  good  and,  since  this  is  the  most  critical 
time  for  survival,  good  overall  results  are  expected. 

Fill  slopes  that  are  difficult  to  revegetate  have  generally  been  most  successfully 
treated  by  applying  a  mulch  held  in  place  by  netting  or  impregnation.   The  sheep's 
foot-type  roller,  designed  by  the  Angeles  National  Forest  (fig.  14),  has  been  proven 
effective  in  compacting  the  top  6  to  8  inches  (15-20  cm)  of  soil,  while  at  the  same 
time  impregnating  straw  mulch  well  into  the  soil.   The  roller  was  used  on  several  fill 
sections;  results  will  be  reported  when  data  have  been  analyzed.   (The  experimental 
seeding  and  planting  were  done  by  research  personnel  and  were  not  a  part  of  the  road 
contract. ) 


Figure   14. — Angeles  N.F.   roller-oompactov . 
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Esthetics 

As  emphasized  in  this  report,  esthetics  are  probably  influenced  by  the  width  of  th 
road  cross-section  and  clearing  more  than  anything  else.   (Also,  visual  impact  of  the 
effects  of  raw  cut-and-fill  slopes,  whatever  the  road  width,  is  reduced  by  revegetation 

A  view  of  the  basin  (showing  the  old  road)  before  clearing  for  the  new  road  is 
shown  in  figure  15;  a  view  after  clearing  for  the  new  road  is  shown  in  figure  16. 
(Figures  12  and  13  show  two  sections  of  the  new  road,  particularly  effects  of  reduced 
clearing  width.) 

In  figure  15,  the  clearing  and  cross  section  of  the  old  road  are  prominent  in  the 
center  of  the  picture.   In  figure  16,  the  same  view  after  the  new  road  was  completed, 
the  clearing  for  the  new  road  is  barely  visible  above  the  old  road.   Figure  12  shows  a 
cut-and-fill  section  using  conventional  backslopes  and  clearing  specifications.   Compar 
this  photo  with  figure  13  where  1/10:1  backslopes  and  reduced  clearing  widths  were  used 
(Both  photos  were  taken  before  final  cleanup  and  grading.) 

To  minimize  miles  of  road,  one  must  use  logging  systems  that  require  few  roads. 
The  research  on  the  Coram  site  was  to  demonstrate  the  effects  of  logging  systems  that 
require  fewer  miles  of  road  and  produce  less  impact  than  conventional  methods.   Instead 
of  the  traditional  Idaho  jammer  that  required  road  spacings  of  300-600  feet,  (91-182  m) 
a  skyline  system  was  selected  that  had  the  potential  to  increase  road  spacing  to  about 
2,000  feet  (610  m) .   In  steep  country  (>50  percent  slopes),  if  road  spacings  are  de- 
creased, it  generally  means  the  road  will  require  switchbacks  to  gain  elevation.   This 
was  the  case  for  the  experimental  portion  of  Abbot  Basin  road  590-B,  as  seen  in  figure 
2  and  appendix  figures  18  and  19. 


Figure  16. — Abbot  Basin  before  construction  of  logging  study  road. 
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Figure   16. — Abbot  Basin  after  constniotion  of  logging  study  road. 


DISCUSSION  AND  CONCLUSIONS 


In  the  future,  an  important  consideration  for  construction  of  forest  roads  will  be 
to  reduce  the  environmental  and  social  impact  while  still  providing  access  needed  for 
resource  utilisation. 

For  the  experimental  road  on  the  Coram  research  site,  a  decision  was  made  to  re- 
duce elements  of  design  to  the  near  minimum  needed  for  operation  of  the  logging  eciuip- 
ment  and  evaluate  the  results.   The  road  is  located  on  an  experimental  forest  and  is  a 
system  road,  but  subject  to  atypical  volumes  of  traffic  because  it  is  dedicated  to 
research  experimentation.   Therefore,  the  road  was  evaluated  for  both  the  traffic 
associated  with  experimental  logging  and  traffic  assumed  for  a  typical  system  road. 

For  the  experimental  sale,  the  single-lane  road  clearly  was  the  best  clioice, 
environmentally.   For  a  system  road  carrying  normal  traffic,  including  timber  volumes 
of  up  to  4-  to  5-million  bd.  ft.  (15,840-19,800  m^)  annually,  the  reduced  environmental 
impacts  of  a  wel 1 -designed  and  well-constructed  single- lane  road  may  still  be  available 
at  some  acceptable  level  of  economic  sacrifice.   For  heavier  volumes  of  traffic,  es- 
pecially logging  traffic,  then  the  trade-offs  become  more  significant  and  rcc]uirc  more 
difficult  decisions  about  standards. 

Estimated  hauling  cost  differences  for  a  wider  single-lane  road  and  a  double- lane 
road  for  two  assumed  traffic  volumes  (10  WW   and  S  VPII]  showed  the  5  VPll  traffic  near 
the  break  even  point  for  single-lane  vs  double-lane  roads  related  to  luiuling  cost  for 
this  sale. 
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Although  final  reports  are  not  yet  available  from  the  results  of  esthetic  and 
hydrologic  impacts  and  revegetation  experiments,  some  general  observations  are  possibl 
Esthetic  impacts  of  a  single-lane  road  with  reduced  clearing  widths  definitely  appear 
have  been  an  improvement  over  standard  practices. 

Although  the  hydrology  has  been  changed,  as  it  always  is  when  logging  and  road 
construction  are  imposed  on  the  land,  there  is  no  evidence  to  date  of  adverse  impacts 
from  sediment  or  changes  in  runoff  and  streamflow. 

Early  results  from  the  revegetation  experiments  show  good  success  from  the  shrub 
planting  and  the  impregnated  mulch  treatment.   The  plantings  and  seeding  experiments 
will  be  effective  in  reducing  visual  and  environmental  impacts. 
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APPENDIX  A 


Alinement  Experimental  Section  Abbot  Basin  Road  590-B 
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Figure  19. — Typical  sections  for  tuimouts,   cut-and-fill  slopes,   and  stepped  backslopet 
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APPENDIX  B 


Revegetatlon  of  Road  Slopes  . . .  Shrubs  and  Grasses  Planted 


Tabic   8  . --5/i7-'ui:'  survival    data  —  sj-7^in<j  plant  iu'j 


'1.1    I: 


:      Site  1 

:      Site  : 

Site  3 

:    Site  4 

:                Site  5 

:     Site  b 

:      Total 

Species 

:    No.     : 
planted  ;  -. 

:    No .     : 
:  planted  ;  " 

:     No.   : 
:   planted  :  ° 

:   No.    : 
: planted  :  % 

:     No.    : 
:   planted  :  % 

:    No.    : 
:  planted  :  ° 

:   No . 

:  planted  :  "■' 

foods   rose 

'Rosa  wcodi:'-  i  i ) 

;edosier  dogwood 

'Covyius  stolonifeva) 

Ihokecherry 

'?7%Lnus  virginianij) 

lerviceberry 

'Amelar',c}iiey  flordda) 

ilackcap 

'Rubup  oc^-^i  den  talis) 

Ipirea 

'Spirea   lucid.1) 

Hue  elderberry 

'SamhuQus  glauca) 

Jlack  elderberry 

'Sambucus  canadensis) 

tedstem  ceanothus 

'Ceanothus  sanguineus) 

Unebark 

'Physocarpus  maloaceus) 

ieard  tongue 

''Penstemon  uk . ) 

"himbleberry 

'Rubus  odovatus) 

iumac 

'Rhus  glabra) 

lountain  mahogany 

^Cevcocarpus) 

:vergreen  ceanothus 

(Ceanothus   uk.  ) 

)ceanspray 

'Holodiscus  discolor) 

■upine 

(luyinus) 
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Table  9 .--Grass  and  legume  mixture  used  to  seed  slopes  of 
experimental  road. 


Species 


Rate/acre  _    Kg/hectare 


Alta  tall  fescue 
Manchar  smooth  brome 
Orchardgrass 
White  Dutch  clover 
Birdsfoot  trefoil 


Pounds 


(Kg) 


2.5 

(2.81) 

4.0 

(4.49) 

2.5 

(2.79) 

2.0 

(2.25) 

2.0 

(2.25) 

Headquarters  for  the  Ititermountaiti  Forest  and 
Range  Experiment  Station  are  in  Ogden,  Utah. 
Field  programs  and  research  work  units  are 
maintained  in: 
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University) 
Missoula,     Montana    (in    cooperation   with 

University  of  Montana) 
Moscow,    Idaho    (in   cooperation  with  the 

University  of  Idaho) 
Provo,  Utah  (in  cooperation  with  Brigham 

Young  University) 
Reno,      Nevada    (in   cooperation  with   the 

University  of  Nevada) 
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RESEARCH  SUMMARY 

Erosion  caused  by  road  construction  on  the  steep,  fragile,  decomposed 
granitic  soils  of  the  Idaho  Batholith  resulted  in  a  1965  moratorium  on  road 
construction  in  the  South  Fork  of  the  Salmon  River  and  its  tributaries. 

In  1970,  the  China  Glenn  Road  was  built  to  salvage  trees  attacked  by 
the  Douglas-fir  beetle  and  protect  the  residual  stand.     It  was  constructed 
well  back  of  the  river-break  zone  on  slopes  averaging  40-50  percent.     A 
key  objective  was  to  build  a  road  with  as  little  environmental  impact  as 
possible.    A  single-lane  (12-foot  (3.66  m))  road  following  the  contour  with- 
out a  ditch,  and  with  special  design  features,  has  proved  adequate  for 
logging,  with  little  adverse  impact. 
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Figure  1. — The  Idaho  Batholith. 


INTRODUCTION 


The  fragile,  steep,  decomposed  granitic  slopes  of  the  Idaho  Batholith  (fig.  1) 
present  many  special  problems  for  the  construction  and  maintenance  of  stable  forest 
roads.   Some  early  recognition  of  this  (1958)  resulted  in  a  joint  administrative-research 
study  by  the  Intermountain  Region  and  Intermountain  Forest  and  Range  Experiment  Station, 
both  of  the  Forest  Service,  U.S.  Department  of  Agriculture.  The  study  was  in  Zena  Creek 
on  the  Payette  National  Forest  and  was  designed  to  help  determine  if  the  steep  slopes 
could  be  logged  economically  with  tolerable  impacts  on  the  environment. 

Although  there  was  an  awareness  that  roads  could  contribute  significant  volumes 
of  sediment,  especially  during  critical  periods  of  runoff,  the  results  proved  to  be 
more  serious  than  anticipated.   Studies  following  road  construction  (1958-60)  in  Zena 
Creek  by  Haupt  and  others  (1963),  Gonsior  and  Gardner  (1971),  and  Megahan  and  Kidd  (1972) 
document  the  impacts  of  the  road  construction.   Excessive  erosion  occurred  the  first 
year  or  two  on  both  insloped  and  outsloped  roads.   Later  in  December  of  1964  and  April 
1965,  rain-on-snow  storms  produced  extensive  damage,  this  time  from  road  slope  failures. 

As  a  result  of  these  experiences,  a  moratorium  on  road  construction  in  the  South 
Fork  of  the  Salmon  River  drainage  was  declared  in  1965  until  research  and  experimenta- 
tion could  better  identify  the  problems  and  develop  methods  for  reducing  impacts  to 
acceptable  levels. 

In  1969,  an  entomological  detection  flight  in  the  South  Fork  drainage  found  a  large 
and  expanding  population  of  Douglas-fir  beetle  {Dendroatonus  pseudotsugae    (Hopk.))  that 
had  already  damaged  many  trees  and  threatened  many  others.   A  decision  was  made  to  build 
the  China  Glenn  Road  into  the  infected  area  to  salvage  the  bug-killed  material  and  pro- 
tect the  residual  stand.   This  road  could  be  built  well  back  from  the  river-break  zone 
and  in  much  less  sensitive  terrain  than  the  Zena  Creek  roads.   Also,  the  design  would 
incorporate  criteria  that  were  known  from  experience  to  reduce  impacts,  including  what 
was  learned  in  Zena  Creek. 

The  engineers  and  resource  managers  both  desired  to  build  a  road  that  would  serve 
the  needs  of  the  loggers,  but  not  inflict  excessive  damage  on  the  land  and  water  re- 
sources.  This  report  (1)  reviews  the  initial  design  and  performance  of  the  China  Glenn 
Road  as  reported  by  Hartsog  and  Gonsior  in  1973,  (2)  describes  the  redesign  of  the 
second  section  of  the  road,  (3)  compares  the  guidelines  used  on  the  first  and  second 
sections  of  the  road,  and  (4)  gives  a  list  of  suggested  road  design  principles  to  be 
used  in  the  Idaho  Batholith. 


REVIEW  OF  THE  INITIAL  DESIGN 
AND  PERFORMANCE  OF 
THE  CHINA  GLENN  ROAD 


I 


Although  it  is  standard  practice  to  utilize  a  multidisciplinary  approach  for  the 
planning  of  transportation  systems,  the  China  Glenn  road  received  extra  attention 
because  it  was  the  first  road  constructed  in  the  Batholith  since  the  moratorium  was 
imposed.  The  China  Glenn  Road  thus  became  a  test  of  some  principles  that  needed  veri- 
fication and  a  learning  experience  for  those  interested  in  road  construction  methods  i: 
the  Batholith. 

Because  of  the  necessity  for  quick  action  required  to  protect  the  stand  and  the 
short  lead  time  given  the  research  group,  there  was  not  enough  time  to  set  up  detailed 
research  experiments  to  help  evaluate  the  results.  However,  one  study  of  settlement 
of  a  through  fill  was  attempted  without  conclusive  results.  The  engineering  research 
staff  in  Bozeman,  Montana,  was  invited  to  participate  in  reviewing  the  proposed  design 
and  make  suggestions  based  on  their  experience  in  Zena  Creek.   They  were  also  involved 
in  observing  construction  and  helping  to  evaluate  the  results. 

Location  and  Design 

The  major  objective  of  location  and  design  was  to  reduce  impacts  as  much  as 
possible  and  still  provide  reasonable  service  to  the  traffic.   Access  to  the  general 
area  was  provided  by  an  existing  system  road. 

Because  of  the  desire  to  reduce  impacts,  a  12-foot-wide  (3.66  m)  (without  ditch), 
single-lane  road  with  turnouts,  a  90-foot  (27.36  m)  minimum  radius  of  curvature,  and 
maximum  grade  of  10  percent  constituted  the  basic  design  criteria  (grade  averages 
2.7  percent).   Fill  slopes  were  designed  on  a  minimum  slope  of  1-1/2:1,  and  cut  slopes 
generally  1:1.  When  natural  ground  slope  was  55  percent  or  greater,  full  bench  con- 
struction was  used  (fig.  2).   This  was  done  to  help  avoid  long  sliver  fills  (fig.  3). 
Soil  testing  showed  that  it  was  possible  to  achieve  the  desired  compaction  with  the 
construction  equipment  and  normal  traffic  use.   (The  decomposed  granitic  material  in 
the  entire  South  Fork  has  very  similar  characteristics  and,  therefore,  has  similar 
reactions  to  the  forces  of  water  and  traffic  use.) 

Two  general  land  types  were  encountered--weakly  dissected  mountain  slope  land, 
deep  sandy  soil;  and  moderately  dissected  mountain  slope  land,  moderately  deep  sandy 
soil.   In  a  system  used  to  classify  soil  and  land  types  in  the  Idaho  Batholith,  they 
are  mapped  and  classified  as  120a  and  120b,  respectively.-^ 

Water  control,  of  course,  is  vital  to  stability.   Care  was  taken  to  try  to  prever 
any  significant  volume  of  water  from  developing  on  the  road  by  the  use  of  outsloping, 
grade  breaks,  and  culverts  for  natural  drainage  channels--culverts  were  installed  in 
virtually  every  draw. 


1  Thompson,  Richard  A.,  Paul  E.  Skabelund,  and  Norbert  C.  Kulesza.   1973.   Soil- 
hydrologic  reconnaissance,  McCall  Ranger  District,  Payette  National  Forest. 


Figure  2. — Full  bench. 
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Figure   2. — Sliver  fill. 


The  above  describes  the  basic  parameters  and  the  general  philosophy  of  design.   Th( 
following  sections  cover  observations  made  during  and  after  the  first  year's  construc- 
tion, decisions,  about  design  changes  following  those  observations,  the  results  of  these 
design  changes,  and  recommendations,  and  guidelines  for  future  design  of  roads  in  the 
Batholith. 


CONSTRUCTION/PERFORMANCE  — 
FIRST  2.25  MILES  (3.62  KM) 


Construction 

Construction  began  the  last  week  of  July  1970  and  continued  into  September.   Aboutt 
2.25  miles  (3.62  km)  of  the  total  of  3.48  miles  (5.60  km)  were  completed  the  first  yeair 

An  important  point  to  mention  about  the  road  in  general,  before  some  detailed 
observations,  is  that  land  managers'  and  engineers'  backgrounds  give  them  a  somewhat 
different  ability  to  visualize,  from  looking  at  a  set  of  road  plans,  what  the  final 
product  might  look  like  on  the  ground.  There  were  some  differences  between  the  results 
envisioned  by  the  land  managers  and  actual  results  on  the  first  section  constructed. 
How  these  concerns  were  accommodated  in  the  design  of  the  second  section  will  be  the 
subject  of  further  discussion  later.   (Perhaps  the  developing  use  of  computer 
graphics  will  help  alleviate  this  problem  in  the  future.) 

Because  some  design  changes  were  made  after  the  first  year  of  construction,  it  is 
necessary  to  separate  some  of  the  observations  of  results.   Because  the  clearing 
operation  was  essentially  the  same  for  the  entire  job,  it  is  discussed  first. 

Cleari.ng 

Clearing  a  right-of-way  on  slopes  averaging  40-50  percent  is  a  difficult  operatioD 
especially  while  trying  to  protect  the  environment  and  the  integrity  of  the  road.   To 
gain  reasonable  access  to  operate  with  the  equipment  available,  a  pioneer  road  was  bui 
as  is  the  custom.  The  construction  of  a  pioneer  road  constitutes  probably  the  most  tr 
blesome  problem  of  the  whole  operation.  The  difficulty  lies  in  the  problem  of  prevent 
slash  and  unmerchantable  logs  (merchantable  logs  are  decked  outside  of  the  right-of-wa 
that  will  be  burned  from  ending  up  in  the  road  fill  or  having  excessive  quantities  of 
loose  soil  mixed  in  with  the  slash  piled  at  the  toe  of  the  fill.  The  operator  in  this 
case  was  reasonably  careful,  and  the  results  were  about  as  good  as  can  be  expected 
using  present  equipment  and  methods. 

Customarily,  slash  is  burned.  Here,  the  slash  at  the  toe  of  the  fills  was  not 
burned  the  first  year  after  construction,  and  it  acted  as  an  efficient  trap  for  sedi- 
ment from  the  fill  slopes.  This  brings  into  question  what  the  most  desirable  disposi- 
tion of  slash  might  be  when  there  is  a  potential  beneficial  use  for  it — to  be  discusse 
more  later.  This  is  the  extent  of  the  observations  of  clearing  for  which  some  recom- 
mendations will  be  made  in  the  Conclusions. 
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EMBANKMENT 


Figure  4. — Sideaast  section. 


Grading  and  Drainage 

Grading  refers  to  the  earthmoving  and  placement  operations  that  were  primarily 
accomplished  with  "U"  dozers.   (A  U-shaped  dozer  blade  facilitates  drifting  material 
between  balance  points.)   Because  this  was  essentially  a  contour  road,  most  of  the  road 
was  constructed  by  sidecasting  excavation  to  provide  embankment,  as  seen  in  figure  4. 
Balance  points  were  generally  fairly  closely  spaced,  and  material  from  ridges  was  readily 
available  for  through  fills  crossing  draws. 

A  D-8  cat  with  a  14-foot  (4.27-m)  blade  was  used  to  move  most  of  the  excavation, 
and  herein  lies  a  problem  common  to  constructing  any  12-foot-wide  (5.66-m)  subgrades 
with  large  equipment.   It  is  virtually  impossible  to  obtain  good  compaction  for  much  of 
the  embankment  because  the  11.5-foot  (3.51-m)  (outside  span)  tracks  remain  essentially 
in  the  same  position  on  the  road.   Also,  it  isn't  possible  to  compact  the  area  near  the 
toe  or  often  to  even  work  the  material  out  to  the  fill  stake.   This  results  in  some  of 
the  fills  being  on  slopes  slightly  greater  than  the  design  slope  of  1-1/2:1. 


The  drainage  design  of  outsloping,  grade  breaks,  and  culverts  in  almost  every  draw 
was  carried  out  according  to  plan.   However,  the  culverts  proved  to  be  somewhat  over- 
designed  with  many  not  carrying  any  water  even  during  the  4-day,  Labor  Day  weekend  storm. 
The  storm  produced  2-3  inches  (5.1-7.6  cm)  of  rain. 


Performance 

Control  of  subsurface  and  surface  water  flows  is  the  key  to  stability  from  erosion 
and  mass  failure.  As  discussed  earlier,  outsloping,  grade  breaks,  dips,  and  adequate 
drainage  for  natural  channels  were  designed  for  this  purpose.   Contouring  into  draws, 
to  the  extent  possible  with  90-foot  (27.36-in)  minimum  radius,  helped  keep  through  fill 
heights  down.   Employing  these  techniques  produced  a  road  that  has  functioned  very  well 
considering  the  difficult  soils  of  the  Batholith.   In  fact,  the  following  photos  and 
discussions  show  basic  stability  remains  6  years  after  construction  without  any  main- 
tenance for  the  past  5  years. 

Outs  loping /Ins  loping /Grade  Breaks /Berms 

In  figures  5  and  6,  it  is  apparent  that  control  of  surface  water  has  been  maintain 
by  the  judicious  use  of  outsloping,  design  dips,  and  breaks  in  grade.   In  figures  7  and 
8,  insloping  was  used  with  berms  to  direct  surface  water  to  the  cross-drain  culverts. 
Although  the  road  is  primarily  an  outsloped  road,  there  were  occasions  when  water  could 
not  be  carried  to  a  full  bench  section  or  transition  point  from  fill  to  cut  to  be  dis- 
persed on  natural  ground.  When  this  occurred,  as  shown  in  figures  7  and  8,  insloping 
and  berms  were  used.   Because  of  the  difficulty  of  maintaining  berms,  and  the  extra 
road  width  required  for  their  use,  they  were  employed  only  when  other  means  could  not 
be  used. 

Fill-and-Cut  Slopes 

Since  most  of  the  sidecast  fill  slopes  are  short  (less  than  20  feet  (6.10  m)  long) 
and  they  are  built  on  natural  ground  slopes  of  50  percent  or  less,  there  have  not  been 
any  failures,  even  through  some  slopes  are  steeper  than  1-1/2:1.   Part  of  the  success 
of  fill  slope  stability  to  date  can  be  attributed  to  the  fact  that  good  drainage  has 
prevented  any  of  the  fills  from  becoming  saturated. 


Figure  5. — Outsloped  section  vyith  dip   (built  after  construction). 
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Figure  6. — Break  in  grade,   with  dip  followed  by  turnout  an  outslope  section. 
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Figure  7. — Inslope  to  culvert  for  cross  drainage  at  break  in  grade. 


F'tgnre  8. — Insloping  to  dip  with  berms  oontrolling  flow. 

In  figure  9,  a  typical  section  of  stable  sidecast  fill  is  shovm. 

Since  natural  ground  slope  seldom  exceeded  50  percent,  it  was  generally  possible 
to  use  1:1  backslopes  for  cuts  without  opening  up  excessively  long  raw  slopes.   (When 
slopes  exceeded  55  percent,  full  bench  construction  was  used  to  eliminate  sliver  fill!) 
Figure  10  shows  a  typical  section  of  cut  slope  that  is  relatively  short  and  obviously 


-gure 
stable. 

Culverts 


However,  culvert" 


No  culverts  have  failed  to  date  and  none  are  expected  to  fail, 
in  some  small  draws  have  not  carried  any  water  to  date. 

Revegetation 

The  revegetation  success  with  cut  slopes  has  been  generally  good,  and  fill  slope 
excellent  (fig.  9  and  11).   Seeding  specifications  are  given  in  the  following  tabulatn 


Seed 
Intermediate  wheat 
Smooth  brome 
Timothy 
Orchardgrass 
White  clover 


Revegetation — Grass  Specification 


Percent 
50 
15 
15 
15 
5 


(In  addition,  2-year  ponderosa  pine  stock  was  planted  on  through  fills  to  enhance 
stability  on  a  5-  by  5-foot  (1.52-  by  1.52-m)  spacing  using  an  auger  with  good  succe' 


Figure  9. — Typical  section  of  stable ^   sideoast  fill. 


Figure  10. — Typical  section  of  stable  1:1  cut  slope. 


Figure  11. — Revegetation  of  aut-and-fill  slopes. 


Summary 

The  usual  problems  with  clearing  in  steep  terrain  and  construction  of  narrow, 
single-lane  roads  with  equipment  large  enough  to  efficiently  perform  the  job  were  en- 
countered. However,  since  the  construction  was  completed,  the  performance  of  the  road 
to  date  has  been  good  for  the  difficult  conditions  in  the  Batholith. 

The  general  design  philosophy  was  effective  in  attaining  control  of  water  and  pro- 
ducing a  stable  road.  However,  the  designers  and  research  cooperators  both  felt  that 
some  lessons  had  been  learned  that  could  be  applied  and  should  be  tried  for  the  balance 
of  the  road  to  be  constructed  the  following  year. 

The  next  section  of  the  report  will  discuss  the  redesign  and  performance  of  the 
second  section  of  the  China  Glenn  Road. 
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REDESIGN  AIMD  PERFORMANCE  OF  THE 
SECOND  SECTION  OF  ROAD 


The  key  point  that  prompted  a  redesign  of  the  second  section  was  the  difference  in 
the  final  appearance  of  the  road  from  what  was  visualized  by  the  resource  managers.   The 
primary  concern  was  the  area  opened  up  by  construction  of  the  road.   Two  other  important 
points  were: 

--a  modified  dip  design,  that  would  have  less  effect  on  trucks  negotiating 
it  than  the  standard  design,  would  provide  adequate  control  of  surface  flow, 
and 

--fewer  culverts  were  needed  for  minor  draws  than  originally  designed. 

Because  the  China  Glenn  Road  was  a  multiple  use  road,  the  minimum  standard  practice 
for  safety  and  other  guidelines  were  used  for  the  original  design.   These  guidelines  are 
not  hard  and  fast  rules,  but  were  developed  over  the  years  and  are  established  practice. 
The  original  design  employed  such  common  practices  as  minimum  radius  of  curvature  of  90 
feet  (27.36  m) ,  minimum  backslopes  of  1:1  in  common  material,  and  a  generally  sustained 
grade.   These  standards,  as  viewed  by  the  engineers,  would  produce  a  road  with  no  more 
impact  than  necessary  to  maintain  reasonably  safe  standards  for  a  system  road.   The  re- 
source managers  visualized  a  road  that  would  meet  the  absolute  minimum  needs  for  removing 
timber  from  the  area.   It  was  felt  that  a  compromise  between  these  views  was  a  reasonable 
goal  to  try  to  attain  for  the  second  section. 

Following  is  a  discussion  of  the  guidelines  and  criteria  used  for  the  redesign. 

Guidelines  for  Redesign 

It  is  seldom  possible  to  design  a  road  that  achieves  all  of  the  major  objectives 
of  all  concerned;  therefore,  it  is  usually  necessary  to  determine  objectives  that  have 
priority  and  to  modify  other  desirable  objectives.   In  the  case  of  the  China  Glenn 
redesign,  the  primary  objective  for  the  design  of  the  second  section  was  protection 
of  soil  and  water  resources. 

To  better  protect  these  resources,  the  designers  attempted  to  improve  the  redesign 
in  the  following  ways:  (1)  expose  a  minimum  of  soil  to  the  effects  of  weathering  and 
erosion  (especially  from  runoff  and  raindrop  impact  erosion),  (2)  control  runoff  water 
during,  as  well  as  after  construction,  and  (3)  disrupt  natural  drainage  patterns  as 
little  as  possible. 

Road  travel  surface  width  is  determined  by  minimum  use  needs;  therefore,  the  ex- 
posed soil  surface  sections  of  the  road  prism  that  can  be  reduced  are  sometimes  confined 
to  the  cut-and-fill  slopes.   Often  little  can  be  done  to  reduce  the  quantity  of  soil 
exposed  on  granitic  fill  slopes  as  oversteepening  could  lead  to  more  serious  problems, 
such  as  failure  of  the  fill.   However,  construction  of  cut  slopes  as  steep  as  feasible 
and  fitting  the  road  horizontal  and  vertical  alinement  to  the  contour  of  the  land  were 
methods  to  be  emphasized  to  reduce  soil  exposure  and  thus  keep  excavation  volumes  to  a 
minimum. 


11 


Guidelines  for  Cut  Slopes 

It  was  decided  to  try  near-vertical  cut  slopes  as  long  as  they  did  not  exceed 
6  feet  (1.83  m)  in  height,  otherwise  a  1:1  slope  was  used.   It  was  felt  that  if  a  6-foo 
vertical  slope  sloughed,  it  would  not  result  in  much  infringement  on  the  travel  surface 
Since  the  timber  adjacent  to  the  road  was  to  be  logged  the  same  season  that  the  road 
was  constructed,  all  logging  truck  traffic  would  take  place  before  any  spring  sloughing 
could  occur.  The  type  of  traffic  anticipated  after  the  first  spring  would  be  normal 
management  and  recreational  traffic,  which  would  not  require  the  full  orignal  width 
(12  feet  (3.66  m) ) . 

Guidelines  for  Grade  and  Alinement 

Horizontal  and  vertical  alinements  were  adjusted  to  obtain  as  many  balanced  side- 
cast  sections  as  possible.  The  balanced  sidecast  road  requires  a  minimum  of  earth 
movement  and  is  especially  efficient  on  steep  sidehills. 

The  China  Glenn  Road  is  generally  located  on  terrain  that  made  it  possible  to  roll 
the  vertical  alinement  in  conjunction  with  adjusting  the  horizontal  alinement  to  obtain 
a  balance  between  cut-and-fill .   (Often  in  mountainous  terrain,  steep  grades  do  not 
allow  rolling  the  vertical  alinement,  and  attempts  to  keep  the  earthwork  balanced  have 
to  be  made  by  adjusting  the  horizontal  alinement  only.)  Two  advantages  of  being  able  t 
roll  the  grade  are:  first,  the  earthwork  can  be  held  at  a  near  balance  condition  while 
maintaining  a  better  horizontal  alinement;  and  second,  the  rolling  grade  helps  provide 
drainage  control  and  allows  the  road  to  better  fit  the  natural  drainage  patterns  of 
the  area. 

Guidelines  for  Clearing 

Right-of-way  clearing  was  restricted  to  help  control  sliver  fills. 

The  first  section  of  the  China  Glenn  Road  was  cleared  in  accordance  with  "good" 
sight  distance  criteria  for  logging  road  construction.   Horizontal  clearing  limits  were 
set  at  10  feet  (3.05  m)  beyond  the  top  of  cut  banks  and  5  feet  (1.52  m)  beyond  the  toe 
of  fills,  or  16  feet  (4.88  m)  each  side  of  centerline,  whichever  was  greater. 

It  was  decided  to  allow  fills  to  build  up  to  a  maximum  height  of  2  feet  (0.61  m) 
on  the  trunks  of  the  trees  along  the  toe  of  the  fills  (as  long  as  this  point  was  at  let 
16  feet  (4.88  m)  from  the  road  centerline). 

Another  design  change  was  to  pile  slash  of  4  inches  (10.1  cm)  or  less  diameter  ale 
and  below  the  lower  edge  of  the  fill.  The  slash  would  act  as  a  catchment  to  help  cont? 
any  eroded  fill  material.  Placing  living  or  dead  material  along  the  toe  that  may  end 
up  supporting  part  of  an  embankment  is  not  considered  good  engineering  practice;  howeV( 
after  considering  the  nature  of  the  intended  use  and  the  characteristics  of  the  area,  i 
advantages  of  using  a  slash  catchment  seemed  to  outweigh  the  disadvantages. 

Guidelines  for  Ticmouts 

Turnouts  were  installed  at  locations  that  minimized  earthwork.  Desirable  locatioi 
for  turnouts  are  gentle  slopes.  When  earthwork  is  minimized,  esthetic  impacts  and  ero 
sion  are  reduced.  Turnout  locations,  of  course,  should  always  be  located  with  conside 
ation  for  sight  distance  and  safety.  This  guideline  was  followed  on  the  original  road 
and  the  redesign,  so  there  were  no  appreciable  differences  in  this  case.  (There  were 
11  turnouts  in  the  6,500  feet  (1,976  m)  of  the  redesign.) 
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Guidelines  for  Drainage 

The  need  to  control  runoff  during  construction  was  demonstrated  by  the  Labor  Day 
storm  of  1970  (described  in  the  first  report  in  this  paper) ,  which  damaged  the  first 
section  of  the  road  before  it  was  completed. 

The  general  objective  was  to  control  runoff  water  during,  as  well  as  after,  con- 
struction by  installing  corrugated  metal  pipe,  roadway  dips,  and  an  alternating  outslope- 
inslope  road  surface  as  needed  to  take  advantage  of  stable  surfaces  for  discharging 
water. 

Drainage  for  live  water  and  draws  was  provided  by  appropriately  sized,  corrugated 
metal  pipe,  and  cross  drainage  was  provided  by  dips  constructed  in  the  roadway.   Drain- 
age control  was  basically  the  same  for  both  the  original  and  the  redesign.   However,  the 
redesign  was  adjusted  as  a  result  of  experience  gained  after  the  first  section  was  con- 
structed.  For  example,  less  drainage  for  draws  was  called  for  in  the  redesigned  section 
because  it  was  found  that  many  of  the  culverts  on  the  first  section  didn't  carry  water 
either  during  the  Labor  Day  storm  or  during  spring  runoff.   The  dry  culverts  were  in 
small  draws  that  are  common  to  the  area.   Because  infiltration  (natural  permeability)  is 
generally  good  in  the  Batholith,  overland,  flow  is  uncommon  outside  of  ephemeral  streams. 

Dips  were  not  included  in  the  original  portion  of  the  road's  design  grade  because 
they  can  be  troublesome  for  the  logging  trucks  to  negotiate.   Truck  drivers  dislike  dips 
constructed  as  specified  by  the  Forest  Service  standard  design  because  the  dips  deflect 
the  trucks  off  the  road  during  slick  road  conditions  and  also  impose  a  twisting  stress 
on  trailer  frames.   Dips  used  in  the  redesign  were  modified  to  reduce  the  sliding  hazard 
and  stresses  on  trucks.   The  first  modification  consisted  of  keeping  the  dip  the  same 
depth  across  its  full  width,  relying  completely  on  the  normal  3-5  percent  outslope  or 
inslope  to  keep  the  dips  drained.  The  second  modification  was  to  make  the  dips  perpen- 
dicular to  the  centerline  of  the  road  rather  than  skewed.  This  allows  all  the  wheels  on 
the  same  axle  to  negotiate  the  dips  evenly,  thereby  eliminating  the  twisting  action  on 
the  trailer  frames.   The  dips  were  1  foot  (0.30  m)  deep  and  100  feet  (30.40  m)  long. 
The  profile  of  a  typical  dip  is  shown  in  figure  12. 

The  1-foot  (0.30-m)  depth  is  measured  between  the  elevation  of  the  dip  bottom  and 
the  elevation  of  the  downgrade  end  of  the  dip  35  feet  (10.69  m)  away.   The  vertical 
height  between  the  dip's  bottom  and  the  projected  sustained  grade  varies  according  to 
the  magnitude  of  the  grade.   The  height  for  the  above  example  in  figure  12  is  2.98  feet 
(0.91  m) .   It  can  easily  be  seen  that  as  the  grade  increases,  so  does  the  impact  of 
these  dips  to  the  road  user.   The  dips,  as  described,  caused  no  apparent  distress  to 
logging  truck  traffic. 


ASSUMED 
ELEVATION  =  100  ft. 


2.  98  ft 


ELEVATION  =  105.67  ft. 


Figure  12.— Typical  dip  profile. 
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COMPARISON  OF  THE  GUIDELINES  USED 

ON  FIRST  AND  SECOND  SECTIONS  OF  THE 

CHINA  GLENN  ROAD 


There  are  no  quantitative  measurements  of  impacts  on  either  section  of  road,  and 
opinions  differ  between  observers.  However,  there  are  some  obvious  differences  in  some 
of  the  parameters  that  undoubtedly  had  some  effect  on  impacts. 

Construction 

The  second  year's  construction  began  July  1,  1971,  and  was  completed  in  mid-Septeii 

Clearing 

The  problems  associated  with  clearing  were  discussed  in  the  first  section  of  the 
report  and  were  generally  the  same  for  the  second  section. 

Total  clearing  area  for  the  redesign  was  6.61  acres  (2.68  ha),  which  was  26  percei 
less  than  the  original  design.  Of  this  6.61  acres  (2.68  ha),  83  percent  occurred  insic 
the  minimum  clearing  limits  of  16  feet  (4.88  m)  each  side  of  centerline.  Eleven  percei 
was  outside  minimum  clearing  limits  on  the  cut  side  of  the  road,  and  only  6  percent 
occurred  outside  minimum  clearing  limits  on  the  fill  side.  Through  fills  over  stream 
crossings  are  included  in  this  6  percent,  which  indicates  that  most  sliver  fills  of  thi 
type  found  on  the  original  design  were  eliminated. 

Grading  and  Drainage 

The  same  equipment  was  used  for  both  sections  of  the  road,  and  the  same  general 
difficulties  encountered  on  section  1  also  apply  to  section  2,   There  was  one  importan 
difference  in  construction  for  section  2--the  dips  were  staked  and  built  as  the  grade 
was  constructed.  This  was  done  to  control  drainage  during  construction.   Another  advan 
tage  to  this  practice  is  that  the  dips  are  compacted  with  the  rest  of  the  road  and 
therefore  are  more  stable. 

Outsloping/Ins toping /Rolling  Grade/Dips/Berms 

The  difference  between  the  two  sections  of  road  in  these  categories  is  primarily 
the  use  of  grade  rolling  and  the  dip  design  in  the  second  section  discussed  earlier. 
In  figure  13,  a  transition  section  (inslope  to  outslope)  is  shown.   This  is  an  example 
of  good  design  working  well,  controlling  flow.   Figure  14  shows  a  dip  in  a  section  of 
sustained  outsloped  grade.   The  appearance  of  the  unmaintained  road  surface  shows  that 
drainage  has  been  adequately  controlled. 
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Figure  13. — Trcni-sition  from  outslope  to  inslope  just  past  the  aurve  is  an  example  of 

good  design  functioning  well. 


:t    .'.  i:-''^. 
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Figure  14.— Dip  near  the  end  of  a  section  of  outsloped  road  on  a  sustained  grade. 
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Fill-and-Cut  Slopes 

Both  fill-and-cut  slope  heights  are  less  in  section  2  because  of  the  vertical  cuts 
used  for  slopes  6  feet  (1.83  m)  and  under  and  more  rolling  of  grades  and  contouring. 
The  advantages  of  contouring  and  grade  rolling  to  generally  reduce  cut-and-fill  heights 
are  obvious.  However,  opinion  is  divided  on  the  use  of  vertical  cut  slopes.   The  genera 
problem  of  designing  vertical  cut  slopes  is  much  the  same  as  it  has  always  been- -short 
vertical  slopes  function  quite  well  in  the  better  drained  soils  that  also  exhibit  some 
cohesiveness,  and  not  so  well  in  the  poorer  drained,  heavier  soils.  The  problem  is  in 
identifying  these  situations  before  the  slopes  are  built.   Batholith  soils  are  usually 
well  drained  and  low  in  silt  content,  except  in  or  near  draws  where  soils  are  deeper. 
These  areas  are  where  the  problems  occur. 

When  cut  heights  are  very  short  on  uniformly  sloping  sidehills,  vertical  slopes 
generally  work  well,  as  seen  in  figure  15.   In  situations  that  are  obviously  well 
drained,  but  when  soil  depths  are  fairly  deep,  they  may  still  work  satisfactorily,  as 
seen  in  figure  16.   For  cuts  steeper  than  1 : 1  in  some  of  the  deeper,  well-drained  slopes^ 
structural  stability  may  be  retained,  but  sloughing  can  become  a  problem,  especially  whe?} 
cornice  conditions  begin  to  form  at  the  interface  of  the  cut  and  natural  ground,  as  seen] 
in  figure  17.   Figure  18  shows  what  can  happen  to  cuts  steeper  than  1:1  in  the  deeper 
soils  that  are  not  as  well  drained.  The  crack  seen  in  the  picture  is  a  planar  failure 
that  has  resulted  in  a  section  of  the  cut  slumping  toward  the  road. 

Use  of  vertical  slopes  for  cuts  of  6  feet  (1.83  m)  or  less  is  still  being  debated. 
The  design  of  cut  slopes  obviously  is  difficult  and  requires  the  use  of  all  available 
information  and  skill.   Seismic  traverses  were  attempted  in  1970  to  help  with  the  design 
but  the  material  is  generally  such  a  heterogeneous  mixture  that  the  investigations  were 
inconclusive  and  abandoned.  Therefore,  on-the-ground  inspection  and  judgment  had  to  be 
used. 
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Figure  15. — Shorty   stable  vertical  baakslopes  on  uniformly  sloping  terrain. 
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Figure  16. — Transition 
from  3/4:1   to  vertical 
baokstopes  going  away 
from  the  camera. 


Figure  17. — Cut  slope  near  maximum  height  oj   o  jeev   [i.oci  mj — svruaturally  stable,   but 
prone  to  sloughing.     A  comioe  is  beginning  to  build  at  the  top  of  the  cut. 
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Figuve  18. — Croak  in  a  cut  slope  that  is  near  the  6- foot   (1.82-m)  maximum  height. 


Culverts 


Culverts  were  eliminated  from  minor  draws, 
satisfactorily  on  both  sections. 


All  culvert  drainage  is  functioning 


Revegetation 


No  changes  were  made  in  revegetation,  and  the  success  was  good  for  fill  slopes  on 
both  sections.  One  of  the  disadvantages  of  vertical  backslopes  is  that  they  cannot  be 
seeded  or  planted.  However,  for  the  short  slopes,  natural  vegetation  usually  invades 
from  above  as  seen  in  figure  15. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Thei-e  is  strong  evidence  that  the  effort  to  minimize  environmental  and  esthetic 
impact  produced  good  results.   Although  quantitative  data  are  not  available  to  give  a 
better  measure  of  the  success,  subjective  evaluation  of  results  leaves  little  doubt. 

The  discussion  and  photos  in  the  preceding  sections  show  quite  conclusively  that 
the  road  has  produced  little  sedimentation  and  has  maintained  its  basic  integrity 
without  any  maintenance  since  its  last  use  in  1971. 

Strict  adherence  to  the  following  principles  will  usually  produce  good  results  for 
reducing  road  impacts  in  the  Batholith  and  elsewhere. 

--Reduce  road  travel  widths  to  the  minimum  needed  to  accommodate  the  traffic  and 
other  uses  such  as  logging  equipment. 

--Contour  and  roll  grades  to  disrupt  natural  drainage  patterns  as  little  as  pos- 
sible and  reduce  cut-and-fill  slope  heights.  This  will  greatly  reduce  the  po- 
tential for  the  buildup  of  waterflows. 

--Carefully  locate  and  design  turnouts  where  the  terrain  is  favorable  to  reduce 
overall  impact  of  cuts  and  fills. 

--Use  dips  where  needed  for  cross  drainage,  but  construct  perpendicular  to  the 
traffic  to  reduce  impacts  on  traffic  use--also,  construct  dips  along  with  the 
grading  operation  to  control  water  during  construction. 

--Use  insloping,  outsloping,  grade  breaks,  dips,  and  berm  designs  carefully  and 
effectively  as  demonstrated  to  control  water  on  single-lane  roads  without  a 
ditch. 

--Consider  the  use  of  slash  as  a  barrier  to  sediment  movement  from  fill  slopes. 

--Consider  the  use  of  reduced  clearing  widths  to  reduce  the  total  area  opened  up  by 
right-of-way  clearing. 

--Always  revegetate  the  first  year  following  construction  to  help  stabilize  the 
raw  cut-and-fill  slopes. 
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Erosion  caused  by  road  construction  on  thc'  sti'ep,  fragili',  decom- 
posed granitic  soils  of  the  Idaho  Balholith  resulted  in  a  liter,  moratorium 
on  road  construction  in  the  South  Fork  of  the  Salmon  River  and  its  trib- 
utaries. 

In  1<)70,  the  China  Gli'nn  Road  was  built  to  salvage  trees  attacked 
by  the  Douglas-fir  lieetlc  and  protect  the  residual  stand. 
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RESEARCH  SUMMARY 

Fish  populations  in  23  tributaries  of  the  South  Fork  Salmon  River 
were  sampled  in  1971,   1972,  and  1974.     Juvenile  chinook  salmon  were 
found  in  one  secondary  and  11  primary  tributaries.     The  first  400  m 
reach  of  stream  adjacent  t9  the  river  was  the  most  important  area  for 
rearing  and  supported  58  percent  of  the  total  tributary  chinook  salmon 
population.     Only  three  tributaries  had  chinook  salmon  more  than 
1.6  km  from  the  river.     The  tributary  chinook  salmon  standing  crop 
ranged  from  0.01  to  0.38/m    and  averaged  0.06,  m^  for  all  streams. 

Chinook  salmon  were  rearing  with  rainbow  trout  and  sculpin  over 
most  of  their  tributary  range  and  occasionally  with  brook  trout,  Dolly 
Varden,  mountain  whitefish,  mountain  suckers,  and  dace.  Cutthroat 
trout  and  chinook  salmon  were  not  found  together.  Chinook  salmon 
preferred  the  larger,  lower  gradient,  grassy-banked  streams  having 
deep  pools.  Chinook  salmon  were  found  in  the  fluvial  and  depositional 
landtype  associations  but  mainly  in  the  alluvial  and  alluvial  fan  landtypes. 
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Figure  1. — A  portion  of  the  Columbia  River  drainage,   shewing  the 
South  Fork  Salmon  River  and  study  area. 


SALMON  POPULATIONS 
IN  THE  SOUTH  FORK  DRAINAGE 


Adult  Chinook  salmon,  Onaorhynahus   tshauytsoha    (Walbaum),  '  and  steelhead  trout, 
Salmo  gairdneri   Richardson,  returning  from  the  ocean  to  the  South  Fork  Salmon  River 
(SFSR)  have  steadily  declined  in  numbers  since  1957.   This  decline  resulted  in  sport 
fishing  closures  on  both  species.   Summer  chinook  salmon  are  approaching  the  status  of 
a  "threatened  species"  in  the  Salmon  River  drainage.   There  is  no  evidence  that  their 
populations  have  stabilized  or  that  the  downward  trend  will  not  continue.   Decline  of 
salmon  populations  in  the  Salmon  River  Drainage  has  been  caused  mainly  by  impoundments 
in  the  lower  Snake  and  Columbia  Rivers.   In  the  South  Fork  of  the  Salmon  River,  erosion 
triggered  by  past  logging  has  probably  contributed  to  the  decline  by  silting  and  filling 
in  sections  of  the  streambed.   If  degraded  habitat  is  to  improve,  land  managers  must  be 
able  to  identify  streams  critical  to  summer  chinook  salmon  survival. 

Adult  summer  chinook  salmon  runs  into  the  SFSR  are  monitored  by  the  Idaho  Fish  and 
Game  Department  by  conducting  annual  salmon  redd  counts.   However,  there  is  little 
knowledge  of  the  status  and  needs  of  the  juvenile  stage  of  the  summer  chinook  salmon's 
life  cycle  in  the  SFSR  drainage.   In  the  past  it  has  been  assumed  that  the  rearing  of 
salmon  juveniles  was  almost  entirely  in  the  main  SFSR.   This  report  evaluates  the  use 
and  importance  of  small  tributaries  for  rearing  summer  chinook  salmon. 


SURVEY  OF  SOUTH  FORK  TRIBUTARIES 


study  Sites  and  Methods 

The  SFSR  is  a  major  tributary  of  the  Salmon  River,  draining  a  1,270  mi2  (3,290  km2) 
watershed  representative  of  much  of  the  forested  mountainous  terrain  found  in  central 
Idaho  (fig.  1).   The  study  area  includes  397  mi2  (1,028  kjii2)  of  watershed  along  the 
upper  52  miles  (84  kml  of  tlie  river.   The  study  area  topography  ranges  in  elevation  from 
9,000  feet  (2,740  m)  around  the  headwaters,  to  3,700  feet  (1,130  m)  at  the  river's  con- 
fluence with  the  East  Fork-South  Fork  Salmon  River.   Most  slopes  are  steeper  than  40 
percent  and  slopes  more  than  65  percent  are  common.   Waters  draining  from  the  watershed 
are  low  in  mineral  content  (averaging  60  mg/liter  total  dissolved  solids)  because  of  the 
dominant  granitic  bedrock  in  the  watershed  (Platts  1974) . 


^  Scientific  names  according  to  the  American  Fisheries  Society  (1970)  list  of 
common  and  scientific  names  of  fishes. 


The  SFSR  historically  contained  Idaho's  largest  salmon  run,  which  is  composed  en- 
tirely of  summer  chinook  salmon.   This  race  has  been  reduced  from  more  than  5,000 
returning  adults  in  the  mid-1950 's  to  about  700  returning  adults  in  1977.   Almost  all 
of  the  SFSR  chinook  salmon  spavm  in  the  river  and  a  few  spawn  in  the  tributaries.   Some 
juvenile  chinook  salmon  hatched  in  the  SFSR  probably  migrate  into  the  tributaries  to 
rear.   Fish  populations  in  the  study  tributaries  are  dominated  by  rainbow  trout,  Sdlmo 
gairdneri   Richardson,  followed  by  chinook  salmon,  Dolly  Varden,  Salvelinus  malma 
(Walbaum) ,  brook  trout,  Salvelinus  fontinalis   (Mitchell),  sculpin,  Cottus   spp. ,  cut- 
throat trout,  Salmo  alopki   Richardson,  mountain  whitefish,  Prosopiian  will-tamsoni 
(Girard) ,  dace,  Rhiniahthys   spp.,  and  sucker,  Catostomus   spp. 

The  23  tributaries,  accounting  for  about  80  stream  miles  (130  stream  km)  were 
described  for  fish  population  structure  by  using  an  average  of  one  50-foot  (15.2  m) 
study  plot  for  every  465  yd  (425  m)  of  stream.   All  streams  were  sampled  randomly  from 
mouth  to  headwaters  until  the  stream  became  dry.   Each  study  plot  was  selected  with  a 
table  of  random  numbers,  marked  on  aerial  photographs  (1-15,000),  and  then  located  on 
the  ground.   The  plots  were  located  100  feet  (30.5  m)  upstream  from  the  photographic 
location  to  avoid  any  bias  resulting  from  the  method  of  locating  study  plots. 

Stream  Environment 

The  aquatic  survey  used  methods  outlined  by  Herrington  and  Dunham  (1967),  with 
modifications  (Platts  1974)  to  increase  the  validity  in  variable  estimates  and  to  quan- 
tify additional  physical  conditions.  The  methods  satisfactorily  quantified  most  of  the 
variables,  because  water  depths  rarely  exceeded  48  inches  (122  cm)  and  water  velocities 
were  never  excessive  for  wading.  The  clear  water  with  low  flows  (July-November)  offers 
excellent  conditions  for  observational  measurement. 

A  transect  (channel  cross  section)  was  used  to  identify  the  stream  reach  where  th( 
aquatic  structural  analysis  and  fish  population  data  would  be  taken.   (A  transect  is  ai 
imaginary  line  running  perpendicular  to  the  centerline  of  the  stream.)   Each  station 
included  a  cluster  of  five  transects  at  50-foot  (15.2-m)  intervals.  The  following 
measurements  and  conditions  were  recorded: 

1.  Stream,  pool,  and  riffle  widths. 

2.  Stream  depths  at  equal  intervals  across  the  stream. 

3.  Ratings,  locations,  and  features  of  pools. 

4.  Streambed  material. 

5.  Cover,  conditions,  and  types  of  streambanks. 

6.  Channel  elevations  and  gradients. 

7.  Landtype  association  and  landtypes. 

8.  Stream  order. 

9.  Fish  species  and  numbers. 

A  given  transect  crossing  the  stream  channel  was  divided  into  1-foot  (0.3-m)  inte 
vals,  and  the  dominant  streambed  material  was  classified  as  follows: 

Particle  Diameter  Classification 

12  inches  or  over  (304.8  mm  or  over)  Boulder 

3  to  11.99  inches  (76.1  to  304.7  mm)  Rubble 

0.185  to  2.99  inches  (4.7  to  76.0  mm)  Gravel 

0.184  inch  and  less  (less  than  4.7  mm)  Fine  sediment 


Stream  areas  were  stratified  as  either  ]joo1  or  riffle.   The  pools  then  were  clas- 
sified as  to  suitability  as  fish  environment  as  follows: 

Description  Ratinn 

Maximum  pool  diameter  exceeds  average  stre;tm  width.         5 
Pool  is  more  than  5  feet  ((1.92  m)  in  depth,  or  more 
than  2  feet  (0.6  m)  deep  witli  abundant  fish  cover. 

Maximum  pool  diam.eter  exceeds  average  stream  width.         4 
Pool  is  less  than  2  feet  in  depth,  or  if  between  2 
and  3  feet,  lacks  fish  cover. 

Maximum  pool  diameter  is  less  than  the  average  stream       3 
width.   Pool  is  more  than  2  feet  in  depth,  with 
intermediate  to  abundant  cover. 

Maximum  pool  diameter  is  less  than  the  average  stream       2 
width.   Pool  is  less  than  2  feet  in  deptli  and  has 
intermediate  to  abundant  cover. 

Maximum  pool  diameter  is  less  than  the  average  stream       1 
width.   Pool  is  less  than  2  feet  in  deptli  and  is 
without  cover. 

Streambank  type  and  condition  were  rated  using  the  total  streamside  area  between 
each  transect,  in  accordance  with  the  following  tabulation.  (Streamside  type  indicates 
habitat  type  where  the  transect  met  the  bank.) 

Vegetation  Stability  Habitat  Type 

Forested  2.0  Excellent  2.0  Sod,  root,  log  2.0 

Brush  1.5  Good  1.5  Brush,  rubble  1.5 

Grass  1.0  Fair  1.0  Grass,  gravel  1.0 

Exposed  0.5  Poor  0.5  Fines,  road  fill  0.5 

Station  and  transect  channel  elevations  were  read  with  an  altimeter;  elevations 
were  accurate  to  ±40  feet  (12  m) . 

At  each  transect  channel  gradients  were  recorded  witli  a  clinometer,  then  averaged 
over  each  200- foot  (61 -m)  study  section. 

Stream  width  refers  to  surface  water  widths  measured  perjiendicular  to  the  flow. 
Station  depths  were  averaged  from  four  e(iuidistant  measurements. 

Stream  order  was  determined  by  methods  originally  develo]icd  by  Morton  (1945)  and 
later  modified  by  Strahler  (1952,  1957);  when  two  channel  segments  of  order  N  Join  they 
then  form  a  channel  of  order  N+1 . 

Fish  Collection  Methods 

The  low  concentration  of  total  dissolved  solids  (60  mg/liter)  in  stream  waters 
meant  that  more  reliable  fish  population  samples  could  be  obtained  witli  explosives  than 
by  using  electrical  fish  collecting  equipment.   A  total  of  2.75  miles  (4.42  km)  of 
stream  were  sampled  at  291  stations,  using  4  miles  (6.4  km)  of  explosive  prima  cord. 


A  0.13-  to  0.23-inch  (0.33-  to  0.58-cm)  mesh  net  was  stretched  across  the  stream 
block  fish  from  moving  out  of  the  sampling  area  prior  to  the  explosion.  The  net  and  t 
effectiveness  of  prima  cord  assured  an  unbiased  collection  of  close  to  100  percent  of 
the  fish  population  within  each  sample  area.   All  collected  fish  were  identified  and 
total  length  measured. 

Fish  in  lower  Lodgepole  and  Curtis  Creeks  were  also  collected  with  a  Smith-Root 
type  V  electrofisher  in  1974.   The  stream  was  stratified  into  26-foot  (7.9-m)  sample 
sections.   A  net  was  used  to  block  the  downstream  end  of  each  study  plot  so  fish  could 
not  escape  downstream.   Each  reach  was  electrofished  upstream  and  then  back  downstream 

The  upstream  and  downstream  collections  were  kept  separate  and  all  fish  identifie 
and  measured.  The  two  separate  population  numbers  were  then  regressed  to  gain  an 
estimated  total  population  using  the  two-catch  method  described  by  Seber  and  Le  Cren 
(1967).  , 

These  two  streams  were  continuously  electrofished  to  determine  how  fish  community 
structure  changed  as  distance  from  the  river  and  channel  elevation  increased.   Curtis 
and  Lodgepole  Creeks  were  electrofished  completely  from  their  mouths  1,144  yd  (1,046  ra 
and  1,733  yd  (1,585  m)  respectively  upstream. 


RESULTS  OF  TRIBUTARY  SURVEY 


Tributary  Streams  Used  by  Salmon 

Summer  chinook  salmon,  although  considered  primarily  a  river  fish,  utilize  most  c 
the  tributaries  in  the  upper  50  miles  (80  km)  of  the  SFSR  for  rearing  and  minor  spawni 
Of  the  seven  secondary  and  16  primary  tributary  streams  sampled  for  fish',  one  secondai 
and  11  primary  streams  contained  chinook  salmon  (table  1) .  (Primary  tributaries  empt> 
directly  into  the  SFSR,  while  secondary  tributaries  empty  into  a  primary  tributary). 

Chinook  salmon  could  occur  in  other  streams,  but  manmade  blocks  keep  them  out. 
Our  random  sample  design  could  have  caused  us  to  miss  some  reaches  containing  chinook 
salmon.   Tailholt  Creek  contains  rainbow  trout  but  no  chinook  salmon  because  a  dam 
blocks  this  stream.  The  first  sampling  station  on  Four-Mile  Creek  was  0.5  ;:iile  (0.8  \ 
above  the  mouth  and  even  though  no  chinook  salmon  were  found  in  or  upstream  from  this 
area  it  is  possible  they  could  rear  downstream  from  this  point.   Both  Cougar  and  Six-1 
Creeks  are  relatively  large  tributaries  and  based  on  findings  in  adjacent  tributaries 
were  expected  to  rear  chinook  salmon.  However,  salmon  were  not  found  in  any  of  the 
sample  areas. 

Stream  Reaches  Most  Used  by  Salmon 

Fifty-eight  percent  of  the  juvenile  summer  chinook  salmon  were  rearing  in  stream 
reaches  within  440  yd  (400  m)  of  the  river  (table  2).   In  Tyndall,  Trail,  Dollar,  Blai 
mare,  and  Fitsum  Creeks,  some  of  the  larger  streams  in  the  study  area,  chinook  salmon 
were  found  only  in  the  first  440  yd  (400  m)  of  stream.   If  stream  size  had  been  a 
dominant  factor  it  would  be  expected  that  chinook  salmon  would  rear  further  up  these 
streams  than  they  did. 


Table  l.--Fish  speoies  occurring  in  tributaries  of  the  South  Fork  Salmon  Fiver 


Tributary 


Chinook 
Salmon 


Rainbow 
Trout 


Cutthroat 
Trout 


Dolly 
Varden 


Brook 
Trout 


Mountain 
Whitefish 


Sculpin  :  Dace  :  Sucker 


Bear 

Blackmare 

Buckhorn 

West  Fork 

North  Fork 

South  Fork 
Cabin 
Cougar 
Curtis 

Trail^ 
Dollar 
Fitsum 
Four -Mile 

South  Fork 
Lick 

Cly3 

Duck  Lake  ' 
Lodgepole 
Roaring 
Six-Bit 
Tailholt 
Tyndall 
Upper  SFSR 


Mi^         >!-a    Ml- 


No   fish   found 


'Ocurring  h  mile  or   less   above  mouth  of   stream. 
^Ocurring  over  h  mile  above  mouth  of  stream. 
^Secondary   tributaries. 


Table   2 .- -Stream  reaches  used  by  ahinook  salmon  in  relation   to   the  river.      Percent  of  total  fish  :>ollected  hi 
stream  is  in  parentheses 


Reach  distance  from  river 

(mi les) 

(0  -  0 

251 

(0.25  - 

0.5) 

:  fO.5  -  0.75)  :  (0.75  -  1) 

:    (1  - 

2) 

:        (2-3) 

Sa Imon 

% 

Sa Imon 

% 

Salmon         %         Salmon         % 

Salmon 

% 

Salmon         % 

Bear  9  (90) 

Blackmare  39  (100) 

Buckhorn  0  (     0) 

Cabin  47  (    54) 

Curtis    (1971)  10  (      6) 

(1974)'  101  (   44) 

Dollar  2  (100) 

Fitsum  17  (100) 
Lick 

Lodgepole    (1971)  40  (    98) 

(1974)2  209  (    94) 

Trail  1  (loO) 

Tyndall  22  (100) 

Total  497  (    58) 


21 
36 

55 


(10) 


(24) 
(24) 
(24) 


(  0) 
(  2) 
(    5) 


3 
19 
51 

72 


(25) 
(22) 
(34) 
(32) 


(0.5) 


(    (<J 


6 

46 


12 


(50) 
(30) 

(67) 


(25) 


(33) 


126 


(15) 


146 


(17) 


(    1) 


64 


(    8) 


(    1) 


0.65  mi  of  stream  sampled. 
1  mi  of  stream  sampled. 


Only  three  streams  (Curtis,  Buckhorn,  and  Lick  Creeks)  were  found  to  have  chinook 
salmon  more  than  1  mile  (1.6  km)  upstream  from  the  mouth.  These  are  all  major  tributa 
ies,  with  stream  widths  averaging  more  than  18  feet  (5.5  m)  and  individual  stream  leng 
over  6.5  miles  (10.4  km).  Juvenile  chinook  salmon  were  not  found  in  the  main  SFSR  abo 
the  confluence  of  Vulcan  Hot  Springs  Creek,  7  miles  (11  km)  from  the  SFSR  headwaters. 

Random  sampling  of  Lodgepole  Creek  in  1971  found  98  percent  of  the  chinook  salmon 
in  the  first  0.25  mile  (0.4  km)  of  stream  adjacent  to  the  river  and  only  2  percent  in 
the  second  quarter  mile  of  stream.  In  1974  the  electrofishing  results  were  comparable 
with  94  percent  of  the  chinook  salmon  collected  in  the  first  quarter  mile,  5  percent  i; 
the  second  quarter  mile,  and  1  percent  in  the  third  quarter  mile  of  stream  (fig.  2). 
However,  in  Curtis  Creek  in  1971  random  sampling  collected  only  6  percent  of  the  chino 
salmon  in  the  first  quarter  mile  of  stream  as  compared  to  44  percent  collected  in  1974 
by  elctrofishing  (fig.  3).  Chinook  salmon  were  found  about  1.2  miles  (2  km)  above  the 
mouth  in  Curtis  Creek. 

Salmon  Standing  Crops 

Standing  crops  of  juvenile  chinook  salmon  in  the  tributary  streams  averaged  from 
0.001  salmon/ft2  (0.011/m2)  in  Dollar  Creek  to  0.036/ft2  (0.383/m2)  in  Lodgepole  Creek 
(table  3).   Six  streams  (Tyndall,  Lodgepole,  Curtis,  Cabin,  Blackmare,  and  Fitsum 
Creeks)  had  standing  crops  averaging  higher  than  0.019/ft2  (0.202/m2).   The  remainder 
of  streams  had  chinook  salmon  standing  crops  less  than  0.006/ft2  (0.068/m2),  with  an 
overall  average  of  0.005  salmon/ft^  (0.055/m2). 

The  extensive  electrofishing  of  the  lower  reach  of  Lodgepole  Creek  in  1974  yielde 
a  population  estimate  of  only  0.006  chinook  salmon/ft^  (0.068/m2).  The  higher  standin 
crop  in  the  1971  random  sampling  could  be  due  to  the  two  lower  stations  being  in  highl 
populated  reaches.   The  Curtis  Creek  standing  crop  estimate  was  O.OOS/ft^  (0.031/m2). 
Sampling  in  Lodgepole  Creek  included  the  entire  range  of  the  juvenile  chinook  salmon 
rearing  area  in  1974  while  the  sampling  in  Curtis  Creek  only  covered  a  part  of  their 
range. 

Population  estimates  in  September  1975  on  Big  Springs  Creek,  Idaho,  found  chinook 
salmon  densities  of  0.002/ft2  (0. 020/m2) (Horner  and  Bjornn  1976).   Horner  and  Bjornn 
also  made  visual  (snorkeling)  estimates  of  selected  study  sites  on  Bear  Valley  Creek  i 
July  1975  and  estimated  less  than  0.004  chinook  salmon/ft^  (0.04/m2). 


In  Capehorn,  Elk,  and  Marsh  Creeks,  tributaries  of  the  Middle  Fork  Salmon  River, 
chinook  salmon  densities  averaged  about  0.034/ft2  (0.368/m2)  in  August  1972  and  1973 
(Bjornn  and  others  1974) .   The  major  portion  of  the  chinook  salmon  were  located  in  poc 
areas  with  depths  over  0.5  foot  (0.15  m) .   Edmundson  (1967)  visually  (snorkeling) 
reported  0.020  chinook  salmon  ft^  (0.220  per  m'^)for  a  selected  study  site  on  Crooked 
Fork,  a  tributary  of  the  Lochsa  River. 

The  SFSR  tributaries  are  considered  marginal  for  rearing  of  summer  chinook  salmor 
and  standing  crop  values  were  lower  than  in  those  areas  considered  prime  salmon  and 
steelhead  rearing  areas. 


Figure  2. --Distribution  of 
juvenile  ohinook  salmon 
in   the  first  mile  of 
Lodgepole  Creek,    2974. 
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Figure   3.— Distribution  of 
juvenile  ohinook  salmon 
in  the  first  two-thirds 
mile  of  Curtis   Creek,    1974. 
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Table  5. --The  standing  crop  of  the  ahinook  salmon  in  tributaries 
of  the  South  Fork  Salmon  River    ■ 


Stream 


Stream  area 
sampled 


Number  of 
salmon 


Salmon 
per  ft^ 


ft' 


Dollar 

Buckhorn 

Trail 

Lick 

Curtis  1 

Bear 

Upper  SFSR 

Lodgepole^ 

Cabin 

Curtis 

Fitsum 

Tyndall 

Blackmare 

Lodgepole 


1,900 

2 

0.001 

6,500 

12 

.002 

500 

1 

.002 

6,500 

2    1^ 

.003 

85,800 

251  ±  19 

.003 

2,000 

10 

.005 

1,500 

9 

.006 

45,630 

^288  ±  53 

.006 

4,625 

87 

.019 

8,000 

152 

.019 

750 

17 

.023 

925 

22 

.024 

1,350 

39 

.029 

1,150 

41 

.036 

^Complete  sampling  of  the  lower  reach  only (1974) ,  all  other  streams 
were  randomly  sampled  (1971,  1972). 
^Estimated  populations,  95  percent  confidence  limit. 


ECOLOGICAL  RELATIONSHIPS 


Salmon  in  the  Community  Structure 

Rainbow  trout,  possibly  composed  mainly  of  juvenile  steelhead  trout,  were  found  i 
all  stream  areas  occupied  by  chinook  salmon  (table  4).  Steelhead  trout  are  using  all 
tributary  areas  for  spawning  and  rearing  that  chinook  salmon  are  using  plus  upstream 
areas  chinook  salmon  are  not  using.  Rainbow  trout  were  dominant  over  chinook  salmon  i 
the  tributaries,  making  up  44  percent  of  the  total  population,  while  chinook  salmon  ma 
up  32  percent. 

Numbers  of  adult  chinook  salmon  and  steelhead  trout  migrating  into  the  SFSR  were 
low  during  the  years  of  study  compared  to  past  years  (Hoss  and  others  1975;  U.S.  Army 
Corps  Engineers  1963-1976) .   Even  if  chinook  salmon  and  steelhead  trout  numbers  were  a 
high  as  they  were  in  the  mid-1950's ,  the  ratio  between  the  two  species  would  probably  b 
similar.   If  adult  runs  into  the  SFSR  of  one  species  should  start  increasing  over  the 
other  species,  changes  should  show  in  the  juvenile  standing  crop  ratio. 

Sculpin  were  found  in  all  of  the  tributary  streams  and  all  but  one  of  the  tributa 
areas  used  by  chinook  salmon.   Both  species  prefer  low  energy  habitats  with  relativel> 
low  channel  gradient.   Brook  trout  and  chinook  salmon  were  found  living  together  in 
three  streams.  Cutthroat  trout,  which  were  only  found  in  upper  stream  reaches,  were  t 


Table  4. --Number  of  areas  in  which  each  fish  species  was  found  in  combination  uith  other  fish  s]>ecies  in   the 
tributaries  of  the  SFSR 


Species 


Alone 


Rainbow 


Chinook 
salmon 


Sculpin 


Dolly 
Varden 


Eastern 
brook 


Cutthroat 


Mount  a  in 
whitef ish 


Dace 


Sucker 


Rainbow 

12 

Chinook 

salmon 

0 

Sculpin 

1 

Dollv 

Varden 

13 

Eastern 

brook 

3 

Cutthroat 

4 

Mountain 

whitef ish 

0 

Dace 

0 

Sucker 

0 

12 
10 


U 


10 
11 


found  with  chinook  salmon.   Chinook  salmon  were  found  with  Dolly  Varden,  mountain  white- 
fish,  and  mountain  suckers  in  only  two  streams,  and  with  dace  in  Cabin  Creek,  the  only 
stream  containing  dace.   Finding  chinook  salmon  in  Cabin  Creek  was  unexpected  because 
it  was  believed  that  the  Cabin  Creek  culverts  were  impassable  to  migrating  adult  salmon 
and  steelhead  trout. 

The  standing  crop  information  demonstrates  the  controlling  effect  that  anadromous 
fish  can  have  on  resident  fish.   If  chinook  salmon  and  steelhead  trout  populations 
disappeared  from  the  SFSR,  the  lower  reaches  of  the  tributaries  would  undoubtedly  be 
used  more  by  resident  trout  species. 

Salmon  Densities  Related  to  Aquatic  Habitat  Conditions 

Juvenile  chinook  salmon  preferred  stream  areas  containing  high  quality  pools,  with 
55  percent  occurring  in  pools  with  excellent  ratings  (Platts  1974) .   Pool  condition 
accounted  for  8  percent  of  the  chinook  salmon's  observed  variation  in  population  numbers, 
However,  even  though  chinook  salmon  preferred  high  quality  pools,  59  percent  were  found 
ii;  stream  areas  where  the  percent  of  channel  in  pool  was  less  than  20  percent.   This 
can  be  explained  by  chinook  salmon  preferring  lower  tributary  reaches  that  naturally  had 
a  low  pool/riffle  ratio.   Seventy-one  percent  of  the  chinook  salmon  collected  were  in 
stream  reaches  with  widths  more  than  30  feet  (9.1  m) . 

As  average  channel  gradients  increased  from  2  to  4  percent,  mean  chinook  salmon 
numbers  per  stream  length  increased.   As  channel  gradients  increased  above  4  percent, 
chinook  salmon  numbers  declined  and  were  not  found  in  channels  exceeding  10  percent 
gradient . 

Chinook  salmon  in  the  study  area  reared  in  channels  with  elevations  between  3,600 
and  5,600  feet  (1,100  and  1,710  m) ,  with  52  percent  occurring  between  4,800  and  5,200 
feet  (1,460  and  l.S80m).   These  channel  elevations  corresponded  to  most  of  the  tribu- 
tary confluences  with  the  SFSR. 


Sixty-one  percent  of  the  chinook  salmon  collected  were  in  channels  dominated  by 
grassy  streambanks.   The  lowest  densities  found  were  in  channels  dominated  by  forested 
streambanks  because  chinook  salmon  reared  mainly  in  the  lower  elevations  where  grassy 
streambanks  dominate.   The  stability  of  the  streambank  and  the  composition  of  channel 


materials  had  no  detectable  influence  on  population  means  of  chinook  salmon.   Chinook  ! 
salmon  were  found  in  third,  fourth,  and  fifth  order  streams,  with  their  numbers  increas 
ing  as  the  stream  order  increased.   Fifth  order  streams  contained  76  percent  of  the 
Chinook  salmon  collected.   Chinook  salmon  occurrence  was  influenced  most  by  the  proxim- 
ity of  the  stream  reach  to  the  river. 

Salmon  Occurrences  as  Related  to  Geomorphlc  Type  ] 

Chinook  salmon  were  found  in  six  landtypes  within  two  of  the  four  landtype  associ- 
ations (fluvial  and  depositional)  occurring  in  the  study  area.   Fluvial  lands  are  lands 
formed  by  the  erosive  force  of  running  water.   Depositional  lands  are  formed  by  water 
and  glacial  soil  deposits.   No  chinook  salmon  were  collected  in  the  cryic  landtype 
association,  nor  in  the  flaciated  landt)q3e  association  almost  barren  of  fish,  with  only 
rainbow  trout  being  found  in  the  glacial  trough  landtype. 

Chinook  salmon  dominated  the  fish  populations  in  the  alluvial  and  alluvial  fan 
landtypes,  and  their  populations  occurred  mainly  in  these  low  channel  gradient  areas  in 
close  proximity  to  the  river.  Chinook  salmon  were  also  found  in  streams  within  the    j 
moraine,  dissected  mountain  slope,  terrace,  and  valley  train  landtypes. 


SUMMARY 


Juvenile  summer  chinook  salmon  made  unexpected  use  of  the  tributary  streams;  they 
were  found  in  69  percent  of  the  tributaries  sampled.  They  were  the  second  most 
numerous  fish  species,  following  the  resident  and  anadromous  forms  of  rainbow  trout, 
which  were  usually  found  living  with  chinook  salmon. 

Sculpin  were  found  with  chinook  salmon  in  all  but  two  tributary  areas;  and  brook 
trout,  Dolly  Varden,  mountain  whitefish,  sucker,  and  dace  were  occasionally  found  in 
the  same  stream  areas. 

Chinook  salmon  preferred  high  quality  pools  found  in  the  larger  streams,  with 
lower  channel  gradients  and  grassy  streambanks.   They  were  most  numerous  in  channel 
elevations  between  4,800  and  5,200  feet  (1,460  and  1,580  m) .   Chinook  salmon  were  found 
mostly  in  the  alluvial  and  alluvial  fan  landtypes,  with  the  closeness  of  the  stream 
reach  to  the  river  as  the  most  important  variable  determining  whether  chinook  salmon 
occurred  or  not. 
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RESEARCH  SUMMARY 

Development  of  equations  for  predicting  fuel  bed  depth  (called  "bulk 
depth"  herein)  appropriate  for  modeling  fire  behavior  in  slash  is  de- 
scribed. Bulk  depth  (y)  was  correlated  with  the  expected  number  of  1/4- 
to  1-inch-diameter  particle  intercepts  per  foot  of  vertical  plane  transect 
(x)  by  regressions  of  the  form  y  =  aVx.  Values  of  "a"  suitable  for  use  in 
fire  models  were  0.767  for  high-lead  harvest  debris,  0.940  for  precom- 
mercial  thinning  of  pines,  1.22  for  precommercial  thinning  in  several 
other  western  conifers,  0.  877  for  ground-lead  harvest  debris  in  pines, 
and  0.542  for  ground-lead  harvest  in  other  species.  Lopping  of  slash 
reduced  average  depth  17  percent  for  harvest  debris  and  31  percent  for 
precommercial  thinning  debris.  Correlation  of  high  intercept  depth 
(maximum  height  of  sampled  fuel  particles)  with  bulk  depth  showed  that 
the  bulk  depth  can  be  well  predicted  using  64  percent  of  the  more  easily 
measured  high  intercept  depth. 

Models  for  settling  of  slash,  retention  of  foliage  and  fine  twigs,  and 
species  mixing, useful  in  preparing  data  for  fire  models,  are  presented. 
Application  of  the  models  in  a  slash  hazard  appraisal  computer  program 
is  illustrated. 


INTRODUCTION 


Slash  or  debris  created  by  harvestiiu'  and  thinning  arc  a  major  fire  iiian;igei!ient 
problem  because  these  residues  can  create  unacceptable  fire  l)chavJor  hazards.   Treat  in;', 
slash  to  maintain  an  acceptable  fire  hazard  is  expensive  and  rcciuircs  skillful  decision- 
making.  An  inexpensive,  simple-to-use,  yet  objective  means  of  ap]')rai  s  i  nj'.  the  imtential 
fire  behavior  of  slash  is  needed  to  aid  decisions  in  managing  slash.   Knowleilge  of 
potential  fire  behavior  can  help  determine  treatment  alternatives,  the  financing  of 
slash  treatment  activities,  and  even  determine  whetlier  the  slasli  sliould  he  created. 
This  report  describes  a  method  for  predicting  depth  of  slasti  fuels  for  anal>tical  model- 
ing of  fire  behavior. 

The  capability  to  predict  debris  and  to  model  fire  liehavior  has  made  possible  a 
quantitative  system  for  appraising  fire  behavior  potential.   Rate  of  fire  sjiread  and 
flame  front  intensity  can  be  mathematically  modeled  using  Rothermel's  (1972)  fire  iiuuk^  1  . 
which  is  the  basis  for  computing  spread  and  energy  release  indexes  in  the  National  1- i  )-e- 
Danger  Rating  System  (NFDRSj .   An  area-growth-rate  model  by  Anderson,^  crown  scorcli 
model  by  Van  Wagner  (1973),  and  flame  lengtli  models  b)'  Byram  (19.^9)  and  i'homas  (19(>J) 
are  also  available.   A  method  for  assessing  total  heat  release  and  period  of  flaming 
that  incorporates  large-diameter  fuels  has  been  theorized  by  Albini.'   The  fire  models 
require  fuel  loading  by  size  class  and  fuel  bed  depth  as  inputs. 

Loading  and  depth  of  debris  vary  considerably  by  cutting  prescriptions,  therefore 
must  be  estimated  for  each  individual  cutting  situation.   Other  fuel  inputs  such  as 
particle  density,  heat  content,  silica-free  ash  content,  and  particle  surface  area-to- 
volume  ratio  tend  to  be  species  dependent  and  can  be  a]i]iroximated  from  known  values 
(Albini  1976;  Brown  1970b,  1974). 


^Office  memo  of  August  10,  1975,  on  file  at  the  N'orthern  k'orest  I'ire  kaiiorator)- , 
Missoula,  Montana.   (Manuscript  in  preparation  b\-  Hal  H.  Aiulerson.) 

^Albini  (1976)  outlines  the  total  heat  load  computation;  the  computation  of  burning 
time  is  based  on'empirical  work  reported  by  Harmathy  (1972)  descriliing  structure  fires 
and  pile  burning,  modified  slightly  to  agree  with  single-particle  burning  times  reported 
by  Anderson  (1969) . 


For  Rocky  Mountain  conifers,  loadings  of  slash  can  be  predicted  from  relationshi 
between  tree  crovvn  weight  and  tree  characteristics  such  as  d.b.h.  and  height  (Brown  1 
In  the  USDA  Forest  Service  Northern  Region  these  relationships  have  been  installed  in 
computer  program  that  obtains  input  from  tree  inventories  and  predicts  potential  debr 
as  output. ^'^  In  addition  to  predicting  debris,  a  method  to  predict  fuel  depth  is  ne 
to  appraise  fire  potential.   The  objectives  of  this  study  were: 

1.  Determine  the  relationship  between  fuel  depth  and  loading  of  slash  and  the 
extent  to  which  species,  age  of  slash,  method  of  skidding,  lopping,  and  other  factors 
influence  the  relationships. 

2.  Determine  the  relationships  between  the  easily  measured  high  intercept  depth 
and  bulk  depth. 

When  using  analytical  models  such  as  Rothermel's  (1972),  fuel  depth  is  a  critica 
parameter  because  it  determines  bulk  density  of  the  fuel  array  for  given  fuel  loading 
Rate  of  fire  spread  is  very  sensitive  to  bulk  density  (Williams  1977).  Fuel  depth  is 
measure  of  the  vertical  extent  of  fuel  in  the  zone  that  is  actively  involved  in  the 
spreading  flame  front.  Conceptually,  the  bottom  of  this  zone  is  the  forest  floor  and 
the  top  is  the  height  where  fuel  ceases  to  exist  or  is  too  sparse  to  affect  propagati 
of  the  flame  front.  Fuel  depth  that  is  compatible  with  fire  modeling  can  be  difficul 
to  measure  because  locating  the  top  of  this  hypothetical  zone  in  the  fuel  array  requi 
judgment . 

Fuel  depth  in  slash  and  other  downed  woody  material  has  been  measured  primarily 
a  high  intercept  basis  (Brown  1974) .  In  this  procedure,  the  top  of  the  fuel  is  defir 
by  the  highest  particle  to  intersect  a  vertical  plane  about  1  foot  wide.  Although  th 
procedure  is  easy  to  learn  and  to  use,  it  does  include  large  void  spaces  in  the  fuel 
array  whenever  they  occur.  This  permits  overestimation  of  an  effective  fuel  depth  an 
underestimation  of  bulk  density  required  for  fire  modeling.  A  procedure  for  measurin 
effective  fuel  depth--called  "bulk  depth"--has  been  developed  by  William  Frandsen  (IS 
at  the  Northern  Forest  Fire  Laboratory.  It  allows  observers  to  account  for  void  spac 
in  the  fuel  arrays  and  provides  a  measure  of  effective  fuel  depth  appropriate  for  fii 
modeling. 

The  merchantable  top  diameter  relates  to  depth.  Small  top  diameters  result  in  n 
lopping  of  supporting  branches  and  removal  of  bolewood  than  large  top  diameters;  henc 
the  slash  is  more  compacted.  Species  may  influence  depth  of  slash  due  to  differences 
in  branch  stiffness  and  branching  habit.  In  a  study  by  Roussopoulos  and  Johnson  (197 
loading  and  depth  of  slash  were  directly  related;  however,  as  loading  increased,  dept 
increased  at  a  reduced  rate.  Probably  as  more  tree  crowns  are  added  to  a  fixed  area, 
overlapping  of  branches  occurs  and  the  weight  may  cause  compression.  Methods  of  fell 
and  skidding  trees  should  influence  depth  because  the  amount  of  trampling  and  breaka^ 
depends  on  if  and  how  merchantable  boles  are  removed. 

Settling  with  age  has  a  most  significant  influence  on  slash  depth.   For  some 
western  conifers  over  a  5-year  period,  depth  of  lopped  and  unlopped  slash  was  reducec 
to  one-half  of  the  original  value  (Fahnestock  and  Dieterich  1962;  Kill  1968).   Rate  c 
settling  varied;  for  some  species,  depth  actually  increased  slightly  during  the  secoi 
year  before  settling.   In  a  study  of  piled  slash  over  a  period  of  29  years,  Wagener 
and  Offord  (1972)  found  that  piles  continued  to  settle;  however,  50  percent  of  the 
settling  occurred  during  the  first  5  years. 


^Users'  guide  to  debris  prediction  and  slash  hazard  appraisal.  1977.  USDA  Forei 
Service  Northern  Region,  Division  of  Fire  Management,  Missoula,  Mont. 

'^Brown,  James  K.  ,  and  Cameron  M.  Johnston.  1976.  Debris  prediction  system.  Of  i 
report  on  file  at  the  Northern  Forest  Fire  Laboratory,  Drawer  G,  Missoula,  Mont. 


METHODS 


Fieldwork 

Sampling  desijn. --The   stud\'  was  designed  to  provide  data  for  four  different  skid- 
ding methods: 

1.  Ground   Zeacf. --Crawler  tractor  and  rubber-tired  skidder,  entire  log  dragged. 

2.  Skyline. --One   end  of  log  elevated. 

3.  Helicopter. --Limited   skidding. 

4.  Preaowmeraial   thinning .- -}\o   skidding. 

For  each  skidding  method,  two  species  groups  were  desired  and  for  each  species 
group,  two  age  classes  of  slash.   For  eacli  combination  of  skidding  method,  species,  and 
age,  we  attempted  to  locate  two  study  sites  on  areas  represented  by  each  of  tlirce  aver- 
age loading  levels:   low  (sparsely  distributed),  medium  (nominally  about  half  of  ground 
covered  by  slash),  and  heavy  (uniformly  distributed). 

Study  sites  were  located  in  areas  liaving  different  loadings  to  assure  that  any 
differences  in  skidding  patterns  due  to  loading  would  be  reflected  in  the  data. 

Species  were  partitioned  into  the  following  two  groups,  based  on  similarity  of 
lopped  depths  as  observed  by  Falmcstock  and  Dieterich  (l'J(S2): 

1.   Douglas-fir  {Pseudotsuga  meyiziesii    (Mirb.  )  Franco) 
Grand  fir  {Ahies  grandis    (Dougl.)  Lindl.) 
Alpine  fir  (Abies   lasioaarpa    (Hook.)  Nutt.) 
Western  redcedar  (Thuja  plicata   Donn) 
Western  hemlock  (Tsuga  hetevophylla    (Raf.)  Sarg.) 
Western  larch  (Larix  oaoidentalis   Nutt.) 
Engelm.ann  spruce  (Piaea  engelmannii   Parry) 
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Lodgepole  pine  (Finns  aontorta  Dougl.) 
Ponderosa  pine  (Pinus  ponderosa  Laws.) 
Western  wliite  pine  (Pinus  monticola   Dougl.) 

j     All  slash  was  at  least  one-half  year  old  and  had  existed  througji  at  least  jxirt  of 
a  winter.   Two  age  classes  were  recognized:  0-  to  1-year  and  3-  to  -l-year.   Some  combin- 
ations of  skidding,  species,  and  age  were  not  found.   Because  sk}line  and  helicopter 
logging  has  received  substantial  use  only  recently  in  the  Intermountain  area,  the  0-  to 
1-year  and  3-  to  4-year  lodgepole  pine  and  3-  to  4-year  Douglas-fir  were  unavailalile  for 
sampling.   Surprisingly,  0-  to  1-ycar  precommercial ly  thinned  stands  other  than  ]iines 
I'jwere  also  unavailable.   All  other  skidding,  species,  and  age  combinations  were  sam])led. 

i     Within  study  areas  that  were  a  minimum  of  several  acres  in  size,  two  jiriinary  tran- 
sects were  established.   Along  eacli  primary  transect,  a  total  of  .SO  or  more  sam])ling 
points  were  located  at  2-foot  intervals.   Points  without  slash  were  not  sampled. 


Loading  measurements . --Using   the  planar  intersect  technique  [Brown  1974;  Brown  and 
Roussopoulos  1974) ,  loading  was  measured  for  at  least  15  randomly  preselected  sample 
points  along  each  primary  transect.   Sometimes  the  random  selection  resulted  in  more 
than  15  points  out  of  50  for  measurement  of  loading.   For  1/4-  to  1-inch  particles,  two 
2-foot  planes,  crossed  perpendicularly,  were  vertically  oriented  and  intersections 
counted.   For  1-  to  3-inch  and  greater  than  3-inch  pieces,  the  2-foot  planes  were  ex- 
tended to  4  feet.   Particles  0  to  1/4  inch  were  not  tallied  because  of  the  counting  worl 
involved  and  the  fact  that  the  information  appeared  unnecessary  to  meet  objectives. 

Depth  measurements . --High   intercept  and  bulk  depth  measurements  were  recorded  at 
each  sampling  point.   High  intercept  depth  was  measured  as  the  vertical  distance  from 
the  bottom  of  the  litter  layer  to  the  highest  0-  to  3-inch  diameter  slash  particle 
intersecting  each  2-foot  plane.   Pieces  greater  than  5  inches  in  diameter  were  omitted 
in  determining  depth  because  they  occur  infrequently  as  the  highest  particle  and  have 
considerably  less  influence  on  rate  of  spread  than  smaller  pieces. 

Bulk  depth  was  measured  in  each  of  four  pie-shaped  quadrants  of  a  2-foot  diameter 
cylinder  whose  central  axis  was  vertically  oriented  at  each  sample  point.   The  two 
perpendicular  sampling  planes  for  tallying  intersections  of  1-  to  3-inch  particles, 
delineated  the  cylinder  into  quadrants.   The  top  of  fuel  was  the  average  height  of  an 
imaginary  pliable  sheet  draped  over  the  fuel  particles.   The  bottom  was  at  the  base  of 
the  litter  layer.   Vertical  gaps  free  of  fuel  for  more  than  1  foot  were  subtracted  from 
each  quadrant's  depth.   Gaps  of  less  than  1  foot  were  assumed  to  maintain  vertical  con- 
tinuity of  flames,  thus  were  included  in  the  depth  measurements.   Depths  of  the  four 
quadrants  were  averaged  to  obtain  a  bulk  depth  estimate  for  each  sample  point. 

Lopping . --After  loading  and  depth  were  measured  initially,  the  slash  along  the 
transect  was  lopped  so  that  all  branches  were  within  2  feet  of  the  ground  and  boles 
within  1  foot.  High  intercept  and  bulk  depths  were  remeasured  at  all  sample  points 
where  depth  had  changed. 

Analysis 

Rationale 

To  understand  the  rationale  behind  the  method  of  analysis  applied  here,  bear  in 
mind  the  objectives  of  the  effort  and  the  nature  of  the  variables.   The  first  objective 
was  to  establish  an  equation  that  can  be  used  to  predict  the  mean  bulk  depth  of  a  slash 
fuel  bed  from  quantities  that  describe  the  amount  of  slash  on  the  area.   The  sampling 
procedure  provided  an  estimate  of  the  bulk  depth  and  the  variables  for  quantifying  the 
slash  loading  at  each  sample  point:  the  number  of  intercepts  of  1/4-  to  1-inch  and  1- 
to  3-inch-diameter  fuel  particles.   The  expected   number  of  such  intercepts  can  be 
predicted  from  slash  loading,  tree  species,  and  d.b.h.  simply  by  parsing  the  loading 
according  to  the  fractional  weight  distribution  of  the  individual  tree  crowns  (Broi\Ti 
1978).   But  the  number  of  intercepts  (regardless  of  size  class)  is  subject  to  great 
sampling  variability,  since  it  should  be  approximately  Poisson  distributed. 

A  Poisson-distributed  variable  lias  a  variance  equal  to  its  mean,  so  if  N  is  its 
expected  value,  samples  from  N  -  v^  through  N  +  vIm  should  occur  with  approximately  equa: 
frequency.   This  intrinsic  variability  makes  it  impossible  to  distinguish  with  certaint; 
between  a  change  in  the  mean  value  of  the  number  of  intercepts  and  simple  data  scatter 
when  moving  from  one  sample  point  to  the  next.   To  alleviate  this  problem,  the  data  can 
be  aggregated,  combining  measurements  tliat  lie  within  a  range  ±/n  of  each  other.   We  cai 
use  the  average  values  to  discern  the  underlying  trend  of  the  average  bulk  depth  with 
the  average  number  of  intercepts;  otherwise,  the  trend  would  be  largely  obscured  due  to 
the  great  scatter  in  the  individual  samples.   Sampled  bulk  depths  also  exhibited 
significant  scatter,  indicating  a  need  to  aggregate  data. 


Fuel  bed  depth  was  related  to  the  exjiected  number  ol"  intercepts  of  1/1-  to  1-ineh- 
iameter  fuel  particles  per  foot  of  planar  intersect  b\-  fittins;  regressions  tlirou_uh 
ggregated  data  points.   Tlie  1/4-  to  1-incli  iiartieles  served  as  a  ni-ox)-  for  tlie  lt)ading 
f  debris  fuel  under  5  inches  in  diameter.   'i'lie  fitting  of  data  points  resulted  from  a 
hree-step  averaging  process  as  described  below: 

1.  For  each  stud\-  area,  tlie  data  from  tlie  two  transects  were  treated  as  a  single 
et .   Onl\'  sample  points  at  wliicli  intercepts  were  counted  were  assembletl  in  the  data 
et ,  so  the  "unit"  of  sample  information  consisted  of  a  triplet  of  numliers--the  bu]]\ 
epth,  in  inches;  the  total  numbers  of  intercepts  of  1/4-  to  1-inch  size  class  fuels  in 
he  two  crossed  sample  planes;  and  the  number  of  intercepts  of  1-  to  3-incli  size  class 
uels  in  the  same  two  (extended)  planes. 

For  inspecting  tliese  triplets  of  numbers,  they  were  aggregated  and  displayed  in 
ive  categories,  according  to  the  number  of  1/4-  to  l-inclt  interce]its:   0-2,  3-6,  7-13, 
4-22,  and  23  or  more  intercepts.   The  displa>-  (tal)le  1)  consisted  of  the  following 
escriptors  for  each  subset : 

a.  Average  bulk  depth 

b.  Average  1/4-  to  1-inch  intercept  count 

c.  Number  of  sample  triplets  in  the  subset 

d.  Mean  square  bul]<  deptli 

e.  Mean  square  1/4-  to  1-incli  intercept  count. 

Scrutiny  of  such  tables  quicl\ly  revealed  sample  jioints  tliat  were  obviously  not  rep- 
esentative,  so  they  could  be  culled  from  the  data  set.   Tlie  mean  square  dcptli  figures 
erved  well  to  permit  the  "outlaw"  jioints  to  be  identified.   Fewer  tiian  111  points  were 
iscarded  from  more  than  1,500  collected. 

2.  These  data  were  analyzed  in  many  ways  in  attempting  to  discover  trends  and 
orrclations.   One  fact  that  soon  became  evident  was  that  no  sulistant ial  dependence  of 
Lilk  depth  on  the  1-  to  3-intercept  cotmt  could  be  established,  whetiier  or  not  tlie  1/4- 
0  1-intercept  count  was  included.   This  allowed  further  simplification  liy  combining 
ata  for  all  1-  to  5-intercept  counts.   Table  2  displays  this  simplified  data  aggrcga- 
ion.   An  asterisk  indicates  tliat  a  sample  point  has  beeii  discarded  in  computing  the 
verages  shown  and  two  asterisks  indicate  the  discarding  of  two  data  points.   These  data 
'orm  the  basis  for  the  regression  relationships  between  bulk  depth  and  number  of  1/4-  to 
-inch  intercepts. 

:    3.   Data  in  table  2  were  grouped  by  combinations  of  skidding  method,  species,  and 
lige  of  slasli.   Constrained  regressions  were  applied  to  the  data  because  logically  if  no 
1/4-  to  1-inch  fuel  particles  exist  there  should  be  no  Inilk  depth.   Analysis  using  un- 
onstrained  regressions  supported  this  approach  in  tliat  the  constant  terms  were  small 
nd  often  statistically  nonsignificant. 

"    In  deriving  the  regression  ecjuations,  the  data  from  all  units  aggregated  were 

i/eraged.   That  is,  all  the  bulk  depth- intercept  count  pairs  in  the  intercept  count 

inge  0-2  were  averaged,  all  those  in  the  range  3-6  were  averaged,  etc.   Then  the  re- 

ressions  were  formed  by  weighting  each  resultant  aggregate  data  point  b\'  the  number 
f  its  supporting  measurements. 

Scatter  diagrams  of  these  "grand  average"  points  showed  a  fraction  power  law  form, 
')  we  chose  to  regress  the  average  bulk  depth  against  the  sipiare  root  of  the  average 
imber  of  1/4-  to  1-inch  intercepts. 


Table  I .--Sample  table  of  aggregated  data  from  one  area  used 

for  establishing  the  relationships  between  bulk  depth 
.     and  number  of  particle  intersections 
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0. 

0. 

0. 

0. 

0. 
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9.900 
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0. 
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3 
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18 
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0. 
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59 
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0. 

0. 
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~i 

1 
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0 

0 

0 
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0. 
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0. 

0. 
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0. 

0. 
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0 
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0 
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0 
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0. 
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One  penalty  for  using  constrained  regressions  is  that  there  is  no  widely  acceptec 
simple  quantity  that  reflects  the  degree  of  agreement  between  the  equation  and  the  dal 
in  the  way  that  the  "coefficient  of  determination,"  called  r^,  does  for  unconstrained 
regressions.  If  y.  represents  a  bulk  depth  data  point  to  be  fitted  by  re^gression,  y. 
the  value  of  the  bulk  depth  predicted  by  the  regression  expression,  and  y  the  average 
of  the  data  points  to  be  fitted,  then,  by  statistical  theory  the  expression  for  the 
coefficient  of  determination  for  a  constrained  regression  should  be 

r2  =  1  -  E(y.  -  y.)2/X(y.2). 

This  quantity  is,  however,  a  poor  measure  of  the  "goodness"  of  the  regression  equatioi 
So  we  have  used,  in  this  presentation,  a  nonrigorous  but  intuitively  more  appealing 
measure  of  the  suitability  of  the  regression  description: 

s  =  1  -  E(y.  -  y.)2/^y.  -  y)2. 

This  parameter  compares  the  variance  about  the  regression  to  the  variance  about  the  m 
as  does  "r^"  for  an  unconstrained  regression,  but  it  is  not  limited  numerically  to  th( 
range  0  to  1 .   It  is  restricted  only  to  be  less  than  unity,  and  can  be  negative. 


RESULTS  AND  DISCUSSION 


Depth  Versus  Intercept  Counts 

Regression  results  for  all  of  the  skidding,  species,  and  age  combinations  obtaine 
in  the  study  are  shown  in  table  5.   The  relationships  for  skyline  and  helicopter 
skidding  were  similar;  so  they  were  combined  and  called  "high-lead."  The  high  values 
of  the  fit  descriptor,  s,  are  largely  due  to  the  manner  of  aggregating  data.   Examples 
of  fit  are  shown  in  figures  1,  2,  and  3.   Because  of  the  data  aggregation,  tests  for 
differences  among  the  slash  groups  seem  irrelevant.   However,  recognizing  the  large 
amount  of  variation  among  sampling  points  and  the  similarity  of  some  of  the  regression 
in  table  5,  the  equations  in  figure  4  are  recommended  for  application  to  fire  modeling 
To  obtain  the  equations  for  initial  depth  shown  in  figure  4,  some  of  the  results  in 
table  3  had  to  be  adjusted  to  age  1  year. 

Merchantable  top  diameter  limits  and  d.b.h.  of  trees  thinned  precommercially 
appear  to  significantly  influence  the  depth-intercept  count  relationship.   We  were 
unable  to  include  a  wide  range  of  conditions  for  these  factors;  thus,  application  of 
our  results  should  be  restricted  to  conditions  similar  to  ours.   Applicable  conditions 
include  merchantable  top  diameters  of  4  to  6  inches  for  pine  and  5  to  6  inches  for  oth 
species,  and  precommercial  thinning  of  trees  2  inches  and  greater  in  d.b.h. 


TABLE  I.— Constrained  regressions   through  aggregated  data  points  relating  average  bulk  de;  th,    y    (inches)    to  average    nianber 
of  intercepts  of  1/4-   to   1-inch  debris  fuel   in   two-crossed  2-foot  samiile  ]'lanco,   x 


Type  of  cutting 


Dominant 
species 


Age  of  : 

debris  :  Sample  included  for  data  averaging 

(year)  :  Year  ~~ 


Units 


Ground-lead  harvest,  6-in  top 

Ground-lead  harvest,  6-in  top 
(slashed  after  harvest  removed) 

Ground-lead  harvest,  6-in  top 
(slashed  after  harvest  removed) 

Ground-lead  harvest,  6-in  top 

Ground-lead  harvest,  5-in  top 

Ground-lead  harvest,  6-in  top 

Ground-lead  harvest,  5-in  top 

Precommercial  thinning 

Precommercial  thinning— 

Precommercial  thinning 

Precommercial  thinning 

High-lead  harvest,  6-in  top 

High-lead  harvest,  6-in  top 
(lopped  by  harvest  crew) 


DF,  mix 

OF 

DF 
DF 

LP 

DF,  mix 

LP 

PP 

LP 

DF 

LP,  PP 

Mix 

Mix 


2,  3 

1 

3 

1,  3 

1,2,3 
1 
4 
4 

3,  4 
1 

1 

1 


1975 


1975 


2,    11,  13,  14 
7,  8,  9 


1975  10,  12 

1975  3,  5 

1975  23,  24,  25,  26; 

1976  3,  4 

1975  2,3,5,7,8,9,10,11,12,13,14 

1976  23,  24,  30 

1976  10,  12,  13,  15,  16 

1976  1,  5,  6,  17 

1975  4,  15,  16,  17,  18,  19,  22 

1976  9,  27,  28.  29,  31 

1976  18,20,21,26,35,36,37,38,39 

1976  14,  19,  22,  25 


Regression  results:    Figure 
F(|uation    "S"   :   reference 


3.16/x 


3.22»^ 


0.86 


.87 


y   =    3.18/x 

.86 

y   =    3.45/x 

.71 

y   =    3.03/x 

.88 

y   =    3.27/x 

.93 

y  =   4.51/7 

.84 

y  =   3.56^ 

.92 

y   =    5.22»^ 

.98 

y   =   4.75/x 

.90 

y  =   5.58/7 

.94 

y   =   4.60/x 

.91 

y  =   3.60/7 

.96 

1/ 


These  units  are  not  typical  of  current  practice,  as  trees  of  large  d.b.h.  were  thinned.   The  relationship 


developed  was  not  used  for  model  purposes  for  this  reason. 


'Figure  1. — Aggregated  data 
for  bulk  depth  as  a  funa- 

{    tion  of  intercept  count 

''•     (1/4-  to  1-hich  particles 
per  4  feet  of  transect) 

I    for  precommercial  thinning. 

'    Analysis  is  shown  in 

\    table  Z. 
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Figure  2. — Aggregated  data 
for  bulk  depth  as  a  funo 
tion  of  intercept  coimt 
(1/4-  to  l-inch  particle 
per  4  feet  of  transect) 
for  high-lead  skidding. 
Analysis  is  shown  in 
table  S. 
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Figure  Z. — Aggregated  data 
for  bulk  depth  as  a  func- 
tion of  intercept  count 
(1/4-  to  1-inah  particles 
per  4  feet  of  transect) 
for  ground-lead  skidding. 
Analysis  is  shown  in 
table  Z. 
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Figure  4. — RelationsJiips 
between  fuel  bed  bulk 
depth   (first  year)   and 
expected  number  of 
intercepts  per  foot  of 
transect  for  modeling 
fire  behavior  in  slash. 
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Bulk  Depth  Versus  High  Intercept  Depth 

Measurement  of  Inilk  de]ith  is  time  consumins;  aiui  subject  to  jiei-sonal  i  iiterpi-et  at  i  on . 
However,  the  simpler  to  measure  "hii^li  intercept  depth"  (Brown  1974)  tends  to  under- 
estimate fuel  bed  compactness,  resultin,^  in  a  systematic  ovei'est  imat  ion  of  the  rate  of 
fire  spread  and  reaction  intensity  b>'  Rothermcl's  (1972)  model  (Brown  197J;  Bevins  197(i; 
Hough  and  Albini  1978).   But  because  it  is  rapid,  reliable,  and  widel\'  used,  we  deter- 
mined the  regression  relationsliip  between  high  intercept  de|nh  and  bulk  depth  to  provide 
jB  formula  that  can  be  used  to  reduce  tlie  high  intercept  measurements  for  use  in  the 
Rothermel  fire  spread  model.   The  analysis  was  made  on  pairs  of  bulk  dc]-itli  and  high 
|intercept  depth  measurements  taken  at  each  point. 

1 

'!     Examination  of  a  large  number  of  regressions  for  various  combinations  ot  skidding, 

'Species,  and  age  revealed  no  sulistantive  differences  between  the  regression  coefficients. 
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Also,  all  the  regression  lines  passed  very  nearly  through  the  origin.   For  example, 
treating  all  debris  of  age  2  years  and  less  as  one  set  and  all  debris  older  than  2  years; 
as  another  set  gave  the  following  relationships: 


AGE  <_2:    y  =    -0.0245  +  0.661X 
AGE  >2:  y  =   0.303  +  0.602X 


(r2 
(r2 


0.78) 
0.74) 


where 


y  =  bulk  depth  (inches) 

X  =  high  intercept  depth  (inches). 

Variation  among  regression  coefficients  was  restricted  as  shown  by  the  histogram 
of  ratios  of  bulk  depth-to-high  intercept  depth  computed  for  118  transects  (fig.  5). 
Sixty  percent  of  the  ratios  were  between  0.55  and  0.75.   Regression  coefficients 
pertaining  to  the  major  skidding,  species,  and  age  groups  are  shown  in  table  4.   Vari- 
ability of  coefficients  within  slash  groups  is  comparable  to  variability  among  slash 
groups.   Thus,  the  narrow  range  of  variability  and  probable  difficulty  in  establishing 
significant  differences  among  slash  groups  seems  to  warrant  application  of  one  rela- 
tionship between  bulk  depth  and  high  intercept  depth  to  all  slash.   Combining  all 
measurements  produced  the  regression: 

y  =  0.638X 
(s  =  0.76) 

which  simply  states  that  bulk  depth  is  64  percent  of  high  intercept  depth.   This  com- 
pares with  52  percent  observed  by  Bevins  (1976)  in  studying  Douglas-fir  and  hemlock 
slash  in  Washington. 

Interestingly,  the  finding  of  64  percent  is  consistent  with  fire  spread  verifica- 
tion studies  (Brown  1972;  Bevins  1976;  Hough  and  Albini  1978)  in  which  fuel  bed  depths 
that  were  reduced  by  factors  in  the  range  of  0.6  to  0.7  improved  fire  spread  prediction5 
by  the  Rothermel  model. 


25  r 


20 


MEAN  =  0.  633 


r 


MEZ2 


Figure  5. — Histogram  of 
regression  coefficients 
for  the  constrained 
relationship  between 
hulk  depth  versus  high 
intercept  depth  deter- 
mined for  individual 
transects . 
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TABLE  A .--Constrained-regression  coefficients   (b  =  ratio  of  bulk  depth  to  high-intercept  depth) 
for  skidding,   species,   and  age  groups 


Type  of  cutting 


Dominant 
species 


Age  of 
debris 
(years) 


Areas  included 


b-cocfficient 
Average   Standard 
deviation 


Ground- lead  harvest  DF 

Ground- lead  harvest  DF 

Ground- lead  harvest  LP 

Ground- lead  harvest  LP 

Precommercial  thinning  PP 

Precommercial  thinning  LP 

Precommercial  thinning  DF 

Precommercial  thinning  PP 

Precommercial  thinning  LP 

Skyline  harvest  Mixed 

Helicopter  harvest  Mixed 


0-1 

3-4 

3 

1 

4 

3-4 

3-4 

1 

1 

1 

1 


1975-2,10,11,12,13,14,20 

1975-3,5,7,8,9 

1975-23,24,25,26 

1976-3,4,23,24,30 

1976-10,12,13,15,16 

1976-1,2,5,6,7,17 

1975-4,15,16,17,18,19.21,22 

1976-9,11,27,28 

1976-29,31 

1976-14,18,19,20,21,22,25,26 

1976-35,36,37,38 


0.610 

0.030 

.599 

.031 

.596 

.079 

.698 

.036 

.592 

.107 

.653 

.066 

.575 

.092 

.713 

.059 

.689 

.086 

.673 

.036 

.631 

.048 

Effect  of  Lopping 

The  effect  of  lopping  was  evaluated  by  combining  bulk  depths  determined  before  and 
after  lopping,  as  a  data  pair  for  each  study  area  and  computing  a  linear  regression 
constrained  through  the  origin.   The  resulting  equation  is  plotted  over  the  scatter 
diagram  shown  in  figure  6.   Similarly,  the  data  from  all  precommercial  thinning  areas 
were  combined  for  regression  (as  shown  in  fig.  7).   The  cpiality  of  the  relationships 
expressed  by  "s"  values  of  0.91  and  0.69,  respectively,  was  good.   Note  that  the  ratio 
of  the  regression  coefficients  in  table  5  for  lojiped  and  unlopped  high- lead  harvest 
debris  (5.60/4.60  -    0.78)  is  quite  close  to  our  result  of  0.85  (fig.  6). 

HAZARD  Model  Application 

To  illustrate  how  this  study  has  been  utilized,  sample  jirintouts  of  fuel  injxits 
(fig.  8)  and  fire  behavior  predictions  (fig.  9)  are  sliown  for  the  slash  HAZARD  model 
now  in  use  by  USDA  Forest  Service  Northern  Region.   This  model  affords  managers  tlie 
opportunity  to  assess  the  fire  implications  of  tree  cutting  activities  before  deln'is  is 
put  on  the  ground.   The  fuel  loadings  required  to  run  the  HAZARD  model  are  generated 
from  tree  inventories  processed  tlirough  a  debris  prediction  model."'   The  debris  pre- 
diction model  provides  total  potential  debris  for  all  trees  on  a  site.   Managers  then 
tailor  the  total  potential  debris  to  specific  cutting  prescriptions  and  submit  tlie 
data  for  processing  by  the  HAZARD  model.   To  ease  checking  of  the  transferred  liala, 
the  HAZARD  model  prints  out  the  input  data  (fig.  8). 


See  footnote  4 
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EXAMPLE    IN^UT/OUT^UT    FDR    HAZARD    PROGRAM 

ORIGINAL    COf«JOlTlON 
POTENTIAL    FIRE    BE4AVI0R    FOR    SEvERELY-DRY    COnDITIOnS- 
(OME-HOUR    TIMELAG    FUEL    MOISTURE    CONTENT    =    5    PERCENT) 


QUANTITY 
ASSESSED 

20-FT. 

WIND 

MI/H 

0 

5 

10 

15 

20 

0 

5 
10 
15 
20 

0 

5 
10 
15 
20 

0 

5 
10 
15 
20 

0 

5 
10 
15 
20 

0 

5 
10 
15 
20 

SLASH  AG 

1 

4 

7 
12 
19 
27 

15 
24 
36 
47 
57 

2 

5 

11 

20 
29 

6 

9 

11 

14 
16 

47 
65 
75 
82 
85 

324 

600 
1081 
1688 
2395 

E  IN  NUMBER  i 
3 

3 

5 

8 
13 
18 

11 
17 
24 
31 
37 

1 
2 
5 
9 
12 

5 

7 

8 
10 
12 

31 
41 
43 
42 
42 

176 
335 
584 
885 
1224 

OF  WINTER 
5 

1 

HEAD  FIRE 
SPREAD  RATE 
CHAIMS/HOJR 

3 
4 
6 

B 

6 

PERIMETER 
GRO»<TH  RATE 
CHAIMS/HOUR 

10 
13 
16 
17 

0 

BURNED  AREA 
AFTER  1  HOUR 
BURN»  ACRES 

1 
1 
2 
3 

3 

HEAD  FIRE 
FLAME  LENGTH 
IN  FEET 

5 
6 

7 
8 

19 

CRO>^M  SCORCH 
HEIGiT  IM  FT 
BY  HEAD  FIRE 

2? 
18 
16 
14 

81 

INTEMSITY  AT 
HEAD  OF  FIRE 
(BTJ/SEC/FT) 

158 
254 
358 
468 

RESIDUAL    FIRE    FROM'   BURNOUT    OF    LARGER    FUELS     (AND    DuFF) 

HEAT    LOAD    (BTU/S(J=-T)        16439  15202  1434^ 

BURN    TIME     (MINUTES)  69  69  69 

GRD.    LEAD    HARVEST       UTL.    STD.       6.0    IN  RUN       14    NOV/    77 


Figure  9. — Sample  printout  of  fire  behavior  predictions  by  HAZABD  program^   based  on 
fuel  inputs  shoun  in  figure  8. 
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Fire  behavior  predictions  are  furnished  in  tlic  same  format  for  unloppcd  and  lopped 
debris  (as  shown  in  fig.  9).  A  further  discussion  of  model  outi)ut  antl  a  juiide  to  inter 
pretation  of  the  fire  behavior  numbers  are  in  the  Northern  Rej^ion's  Users'  Guide/' 

Fuel  Bed  Depth  Prediction 

To  predict  fuel  bed  de]:ith,  predictions  of  slash  in  tons  per  acre  arc  converted  to 
number  of  1/4-  to  1-inch  intercepts  through  two  mani]nilat ions .   First,  weight  per  unit 
area  is  converted  to  number  of  1/4-  to  1-inch  intercepts  b\  species,  using  a  constant 
multiplier  that  is  inversely  proportional  to  the  jiroduct  of  wood  densit\'  of  the  1/4- 
to  1-inch  pieces  and  their  mean  square  diameter  (Brown  1974).   Table  5  gives  the 
conversion  factors  for  11  western  conifer  species. 


Table  S . --Factors  for  aonvevtirhj  from  1/4- to   1-incli  size  class 
fuel  loading  to   "expected  nwnber  of  intercepts  per 
foot  of  random  transect  perpendicular  to  the  ground" 
for  2/4-   to    2-inch  size  class   limb  wood  of  different 
species 


Species  of  tree 


Factor  for  tons/acre 


actor  for  Ib/ff 


Ponderosa  pine 
Lodgepole  pine 
Western  larch 
Douglas-fir 
Grand  fir 
Subalpine  fir 
Western  redcedar 
Western  white  pine 
Western  li  em  lock 
Engelmann  spruce 
Whitebark  pine 


0.4309 
.5871 
.4382 
.  5608 
.7295 
.5784 
.6400 
.5258 
.5950 
.7089 
.5258 


9. 
12, 

9, 
12. 
15. 
12, 
13. 
11, 


39 
79 
55 

90 
60 
94 
46 


12.96 
15.45 
11.46 


Next,  number  of  intercepts  arc  combined  for  different  species.   iuiuations  have  been 
given  that  relate  bulk  depth  to  the  count  of  1/4-  to  1-incli  fuel  intercepts  in  two 
crossed,  2-foot  vertical  planes  (this  relationship  is  tlie  same  as  that  for  a  randomly 
placed  single  4-foot  vertical  plane) .   The  equations  for  the  pines  and  for  other 
conifers  are  different,  so  in  some  cases  a  method  of  combining  tiicm  is  necessary. 

The  depth  prediction  ecjuation  can  be  written  for  slash  of  one  species  t>'])C  as: 


vhere 


av'  X 


6      =    initial   bulk   deptli 
o  '■ 


X   =   expected  numlicr   of   intercepts   of   1/4- 
placed    1-foot   vertical    plane. 


to    1-inch    fuel    pai'ticles    in   a    randoml)' 


^See   footnote   3. 
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The  quantity  x  is  proportional  to  the  average  loading  on  the  site  of  1/4-  to  1-inch  fue 
pieces.   When  only  pines  are  present  in  the  fuel  bed,  or  when  none  are  present,  this 
formula  provides  a  prediction  of  fuel  bed  depth  for  fire  modeling.   But  when  both  types 
are  present,  the  mixed  species  fuel  bed  depth  will  contain  contributions  for  both  types 
The  model  for  mixed  type  fuel  bed  depths  used  in  the  HAZARD  model  is  as  follows: 

Let     xj  =  expected  1/4-  to  1-intercept  count  per  foot  for  pine  types, 
and     X2  =  expected  1/4-  to  1-intercept  count  per  foot  for  other  t>"pes. 

If  the  two  types  are  randomly  distributed  over  the  site,  then  the  fraction  of  the  total 
1/4-  to  1-inch  size  class  loading  that  is  pine  type  should  be  (ignoring  particle  densit 
differences)  f  ]^ ,  where 

fj  =  Xi/(Xi  +  X2) 

and  the  fraction  for  other  tyi^es  is  f 2 ,  where 

f2  =  X2/(x^  +  X2)  =  1  -  fi . 

Now,  if  the  two  t>qies  were  segregated  on  the  site,  so  that  a  fraction  fi  of  the 
site  area  would  be  covered  by  pine  species  and  f2  by  others,  the  expected  intercept 
count  in   the  pine-covered  area  would  be  xi/fi  and  the  bulk  depth  in  the  pine-covered 
area  would  be 

6*^^^  =  a  /x,/fi. 
o         i   ^ 

Similarly,  the  bulk  depth  of  the  other  fraction  of  the  area  would  be 

(2] 


^o   =  a2/x2/f2. 
On  such  a  segregated  site,  the  average   bulk  depth  would  be  6  ,  where 

o    ^  o      ^  o 

We  take  this  latter  expression  to  be  the  average  fuel  bed  depth  for  the  mixed  type  sit- 
uation.  This  equation  can  be  rewritten  by  substituting  for  the  f  and  6   values  to  give 


6  =  (a^x^  +  a2X2)//x^  +  X2. 

Other  factors  that  affect  initial  fuel  bed  depth  are  reflected  in  this  formula  by  chanj 
ing  the  values  of  a^   and  a2  in  accordance  with  the  results  discussed  earlier  (fig.  4). 

Foliage  Loss  and  Settling 

The  early  effects  of  aging  on  debris  fuels  are  settling  of  the  fuel  bed  and  loss  c 
foliage  and  fine  twigs  to  the  forest  floor.   For  modeling  fire  behavior  in  slash,  it  if 
necessary  to  quantify  rate  of  settling  and  the  loss  of  foliage  and  fine  twigs.   To 
operate  the  HAZARD  model,  data  from  Olson  and  Fahnestock  (1955),  Fahnestock  and  Dieter: 
(1962),  Steele  (1960),  Wagener  and  Offord  (1972),  and  Brown  (1970a)  were  integrated  to 
describe  loss  of  material  (fig.  10).   Not  all  foliage  that  drops  from  the  branches  was 
excluded  from  the  fuel  complex  because  some  foliage  remaining  in  the  litter  layer  and 
suspended  as  mats  in  the  slash  is  still  available  as  fuel  for  a  surface  fire. 

Settling  of  slash  was  modeled  as  a  reduction  in  depth  using  table  3,  Fahnestock 
and  Dieterich  (1962),  and  Kiil  (1968).   This  study,  together  with  others  cited,  permiti 
construction  of  a  settling  model  adequate  for  hazard  appraisal  (fig.  11) . 


Figure  10. — Reduation  of 
quantity  of  foliage  and 
small  twigs  for  modeling 
fire  behavior  in  slash. 
Not  all  foliage  detached 
from  limbs  is  lost  from 
fuel  available  to  spread 
fire. 
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figure   11. — Settling  of 
slash  expressed  as  a 
function  of  the  original 
depth  over  time  for  liar- 
vesting  and  precommercial 
thinning  slash. 
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SUMMARY 


To  aid  in  modeling  fire  behavior  for  appraisal  of  slash  hazard,  cciuations  were 
leveloped  for  predicting  fuel  bed  depth  from  the  loading  of  1/4-  to  l-inch  fuels.   Tlic 
lepth  equations  differed  among  precommercial  thinning,  ground-lead  liarvesting,  and 
ligh-lead  harvesting  systems  and  between  pines  and  other  conifers.   Settling  of  slasli 
ath  age  was  weakly  discerned;  however,  our  findings,  together  with  others,  permitted 
inference  of  a  rough  aging  model  that  distinguishes  between  harvesting  and  precommercial 
:hinning. 

Depth  of  lopped  slash  was  strongly  related  to  depth  of  unlopped  slash.   A  strong 
relationship  was  also  developed  between  the  "bulk  deptli,"  useful  in  fire  behavior 
lodeling,  and  the  "Iiigh  intercept"  depth  that  is  easily  measured  in  the  field,   i  lie 
.nfluence  of  merchantable  tip  diameter  on  slasli  depth  was  evident,  although  it  was  not 
quantified.   Accuracy  of  tlie  depth  relationships  is  probably  adequate  for  most  tree  cut- 
:ing  activities  in  western  mountainous  areas,  except  perhaps  west  side  slopes  along  the 
'acific  Coast.   Here  the  large  trees  and  methods  of  logging  may  result  in  depth/ load 
relationships  different  from  ours.   Depth  predictions  should  be  verified  in  the  Pacific 
]oast  mountains  before  modeling  fire  behavior  in  slash. 

When  predictions  of  fuel  depth  are  coupled  with  predictions  of  slash  loading  (b\- 
;ize  class)  from  tree  inventories,  the  depth  models  presented  here  allow  prediction  of 
lire  behavior  before  the  slash  is  created.   Hopefully,  this  information  will  aid  in 
:imber  sale  planning  and  in  management  of  slash  fuels. 
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Development  of  equations  for  predicting  fuel  bed  depth  (called  'Ijulk 
depth"  herein)  appropriate  for  modeling  fire  behavior  in  slash  is  de- 
scribed. 

Models  for  settling  of  slash,  retention  of  foliage  and  fine  twigs,  and 
species  mixing,  useful  inpreparing  data  for  fire  models,  are  presented. 
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RESEARCH  SUMMARY 


This  paper  presents  a  mathematical  formulation  of  the  construction 
of  a  containment  perimeter  for  a  wildland  fire.  The  formulation  permits 
the  calculation  of  total  burned  area,  final  perimeter,  and  containment 
time,  if  the  rate  of  growth  of  the  fire  can  be  specified  as  a  function  of 
time  and  position.  Using  a  simple  but  flexible  fire  shape  function,  nu- 
merical results  are  given,  showing  the  influence  of  the  rate  of  spread  in 
the  front,  flank,  and  back  directions  expressed  in  ratio  to  the  rate  of 
control  line  construction.  These  results  may  be  useful  in  presuppression 
planning  and  effectiveness  analyses.  This  paper  is  the  result  of  collabo- 
rative effort  carried  out  as  part  of  the  U.  S,  /U.  S.  S.  R.  scientific-technical 
exchange  program  in  forestry. 
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PREFACE 

In  October  1976,  as  part  of  a  technical-scientific  exchange  program 
in  forestry,  a  team  of  forest  fire  specialists  from  the  United  States 
visited  the  Soviet  Union.  Frank  Albini,  representing  Forest  Fire  and 
Atmospheric  Sciences  Research,  worked  at  the  Leningrad  Forestry  Re- 
search Institute.  The  Institute  is  the  main  organization  performing  fire 
research  for  protecting  forests  in  the  Soviet  Union. 

Dr.  Albini  collaborated  with  Candidate  Georghy  N.  Korovin,  chief 
of  the  computational  methods  laboratory,  and  members  of  his  staff,  in- 
cluding Ms.  E.  H.  Gorovaya,  on  the  analysis  presented  in  this  paper. 
The  group  formulated  the  scope  of  the  analysis,  methods  of  computation, 
and  mathematical  expressions.  Numerical  results  were  generated  inde- 
pendently and  compared  later.  This  paper,  in  Russian,  is  included  in 
the  annals  of  the  Leningrad  Institute  for  1977.  The  translation  presented 
here  should  be  useful  in  tactical  planning  for  forest  fire  suppression,  a 
matter  of  practical  importance  in  both  countries. 


INTRODGCTION 


In  the  process  of  jilanii  in.i;  and  e\  a  1  ua  t  i  ii;'.  fo?-est  fire  control  actix'ities,  it  is 
often  desirable  to  have  availal^le  i|uant  i  tat  i  ve  oxpi'essions  relatinr.  liie  effoiM  exiuMidcd 
in  fire  supin-ession  and  tlie  results  to  lie  e.xpectetl  uiicUm-  various  conditions.   It  is  t  ho 
purpose  of  this  jiajier  to  introduce  a  mathematical  iiiethod  fiu-  the  anal\sis  of    fii'o  sup- 
pression (or  fire  containment)  activjt}'  which  can  he  used  to  deri\'o  such  i-o  1  .it  i  onsh  i  ps . 
We  show,  by  examj-tle,  how  the  method  can  be  ap|ilied  to  detormine  thr  bunud  aiwi  and  the 
time  required  for  suppression,  using  a  simple  hut  flexible  exprossmn  for  the  slia[H'  oi' 
the  fire. 

In  addition,  we  explore  the  sensitivit\'  of  t!ie  burned  area  and  the  time  rei|iiired 
for  sui)pression  to  the  following  factors: 

{])   The  size  of  the  fire  at  the  start  of  suppression. 

(2)   The  rate  of  spread  of  the  fire  in  the  front,  flank,  and  bach  directions,  and 
a  parameter  describing  the  shape  of  tlie  firi.'. 

(3]   The  rate  of  suppression  (or  rate  of  control  line  con -.t  rue  t  i  on  )  . 

(4)   Tlte  tactics  emplo)-cd. 

In  the  following  section  ive  introduce  the  basic  concepts  ot"  and  the  limitations  on 
the  method  of  analysis  and  present  the  general  anal>tical  forms.   In  subseiiuent  section; 
we  introduce  simplif>'ing  assum]it  i  ons ,  present  examples,  and  extmd  t  lie  a.nal\'sis  to  the 
situations  recpiiring  a  change  of  tactics  to  stoj'  a  ixapidlv  spreading,  head  fire. 


BASIC  CONCEPTS 
AND  LIMITATIONS  OF  METHODS 


I  Wc    seek    to   describe   ana  1  >-t  i  ca  1  1  >■    tlie    rale   and    ilirection    of    prog.i'ess    of    a    fire- 

su])prcssion    force   as    a    function   of   the    siiape   and    rate   o\'   growth    of   a    t'ire.       lor    this 
purpose,    we   assume   that    the   work    proceeds,     if   possible,    at    the   rdyc   of    the    lire.       It     is 
not    iiiijiortant    whether    tlie    effort     is    directed    toward    ex  t  i  ng.u  i  sh  i  ng    tlie    flaiiu'S    (direct 
supjiress  ion    in    U.S.     fire    control    t  ermi  no  log)' )  ,    or    toward    construction    ot    a    harrier 
across    wiiicli    the    fire   will    not    spread.      The    mathematical    description    of    the    rate    of 
containment    is    the    same.       but    it     is    necessarx-    to    i-esti'ict    our   attention    to    t'ii-es    which 
,do   not    spread    hv    spotting   and    wiiicli    have    a    jierimeter    that     is    a    smoot  li    cui-ve. 

i  '  ' 

'  If   the    fire   meets    the   conditions   described    and    tlie   work    ol     suppression    (or   contam- 

iient)    proceeds    at    the    fire    edge,     it     is    pt)ssible    to   determine    t  hc'    boundai'v    of   buriu'd    area 

and    the    time    that    the   work    will    re(|uire,     if    X\]c   position    of    l  lu>    fire    vi.\\\v    can    be 

expressed   analytically   as   a    function   of   position   and    time. 


Employing  polar  coordinates,  let  r(6,  t)  be  the  distance  from  the  point  of  ignitic 
to  the  edge  of  the  fire  at  time  t  and  in  the  direction  given  by  the  angle  0  (measured 
from  an  arbitrary  fixed  direction).   Here  we  insist  that  r(e,  t)  be  single  valued, 
possess  a  positive  time  derivative,  and  be  differentiable  with  respect  to  6 .   If  the 
rate  of  progress  of  a  fire-suppression  crew,  working  at  the  edge  of  the  fire,  can  be 
expressed  as  A[9,  t) ,  then  we  can  write  the  equations  for  the  generation  of  the  final 
boundary,  RC9) . 


FIRE  BOUNDARY 


CONTROL  LINE  SEGMENT 

OF  LENGTH  A dt  CONSTRUCTED 

IN  TIME  dt 


r  (e+de,  t+dt )  — ~^^ 


r  (e,t) 


Figvcre  1. — Generation  of  final 
boundary  of  burned  area  by  crew 
working  at  the  edge  of  a  fire. 


Referring  to  figure  1,  assume  a  differential  element  dt  of  time  to  elapse.   During 
this  time  the  crew  will  construct  an  element  Adt  of  the  final  boundary.   In  order  to 
remain  in  contact  with  the  advancing  edge  of  the  fire,  this  element  of  the  boundary 
curve  must  be  constructed  at  an  angle  a  (measured  counterclockwise)  with  respect  to  the 
direction  ti .   We  can  write  the  formulae  for  the  components  of  the  arc  Xdt  in  the  tan- 
gential and  radial  directions  from  inspection: 


do 


(Adt J  sin  a/r(Q,t) 


dR  =  (Adt)  cos  a  =  r(e  +  dO,t  +  dt)  -  r(e,t)  =  |^  dO  +  |^  dt 

da       oZ 


fl) 


Substituting  d9  in  equation  2  from  equation  1,  and  employing  the  short  notation 


Br     .    9r  _  • 
86    ^   '  3t  "  ^ 


we  find 

A  cos  a  =  (r'/r)  A  sin  a  +  r 

Squaring  both  sides  of  cc|uation  3  and  solving  for  sin  a  we  obtain 


(3] 


sm  a 


cos  a 


(r 


/A)  (rVr)  Wl  +  (rVi 


(r/A) 


1+  (rVr)"^ 

(i-/A)  +  (rVr)Vl  ^  (rVr)^  -  (f/A) 
1+  (r'/rT^ 


(4) 


(5] 


Equations    1    and    2   can   he   rci;ardod   as   dcsc  r  i  b  i  ii,u   tlio   evolution   o<'   t  hc'    rin.il    Innuidarv   o\- 
the  burned   area,    R    (n)  : 


dR        ^ 

jT  "   ^  '~°''  '"^  (  "  ) 

The    last    four   equations   can   be   used   to   mode]    the    I'inal    bouiuhii-y,    takin;;    into   considera- 
tion   the    limitations   mentioned   above. 

Note   that    the   condition    rei|uired    for   eventual    completion   of   the   bonndarn-    is    that    the 
expression   under   the   radical    (eciuations    1    and    S)    siiould    be   iionnej\i  t  i  ve ,    or 

A     ■■    r/(  1    +    (r  7r)'   )'-'  ( ;; ) 

The   right    haiul    side   of    ineciualit>'   8    is    the    rate   of   advance   of   the   ed.i'.e   of    the    fire 
in   the   direction   perpendicular   to    the   boundar>-,    so    the   i-ecjii  i  rement     is    intuitively- 
obvious.      So    long   as    inequalit\-   8    is   maintained    tlie   ci'ew   can   make   pi-ogress    in    contain- 
ing the   fire. 


SIMPLIFYING  ASSUMPTIONS 


To   gain    further    insiglit    into    the   relative    impoi'tance   of   tlie   various    factors    out- 
lined  above,    we   introdtice   simjilifxing   assumptions   which    permit    closed    form    solutions   o  I' 
ecjuations   6   and    ^   and   make   possible   numerical    e.\am|iles. 

First,    we   assume   tliat    the    shape   of   the    free-l>urn  i  ng,    fii-e   can    Ix-   expressed    airil\-tic- 
all}'   and    that    the   form   of   the    fire    is    invariant.       That    is,    the   botuular\-   of   the    fire 
simply   expands    linearly   witli   time,    and,    similar    to   the   enlargement    o\'  a    piiot  oca'aph ,    main 
tains    its    shape.      Tliis   assumption    iiiijilies    tliat    the    fire    is    fully   develojied    ami    is    burn- 
ing  in   continuous,    homogctieous    fuel    on    flat    terrain    or   gentle    slopes,    and    that    the   wind 
does   not    change   speed   or   direction.      Such    ideal  izL'd    comlitions    lU'Ver   occur    L-xactl}-,    but 
many   fires   ajipro.ximately   satisf}'   tliese   conditions   at     least    for    short    pei'iods    of   time. 

I  Since   we   assume   that    the    fire   boundaiy\'   grows    linearl)'   witli    time,    the    shape   of   tlie 

.'  fire,    exjiresscd    in   polar   coordinates,     is    tlie   same   as    the   distribution    of    radial    rates    of 


spread  as  a  function  of  the  polar  angle.   We  establish  the  reference  direction  (6  =  o) 
to  be  in  the  direction  of  the  maximum  rate  of  spread,  and  express  the  radial  rate  of 
spread  as: 


\'   +  (V   -  V'  )  cos  6,   0  <  9  <  Tr/2 
f    ^  F    f 


r(e)  - 


•  n. 


Vg  +  (V^  -  Vg)  sin"e,   tt/2  <  e  -  ^ 


(9 


where:    V   =  the  forward  or  frontal  rate  of  spread 

V  ,  =  the  rate  of  spread  at  the  flank 

V^  -   the  backing  rate  of  spread 
b 

n  =  a  shape  parameter  to  be  determined  empirically  for  various  fuel  types. 

This  functional  form  is  quite  flexible,  and  can  be  used  to  generate  a  wide  variet) 

of  shapes.   Figure  2  displays  some  of  the  shapes  generated  by  this  formula;  in  the 

figure  all  shapes  are  normalized  by  tlie  maximum  dimension  (that  is,  r(e)/V   is  plotted^ 

r 


Vj/Vp  =  1.0 


V  /V  =1.0 


Figure  2. — Shapes  of  fires 
generated  by  equation  9. 
In  all  oases,    the  fire  pe- 
rimeter is  drawn  to  a  scale 
such  that  the  distance  frorr 
the  point  of  ignition   (tic 
mark  on  horizontal   line)   tc 
the  head  of  the  fire    (right 
hand  edge  of  each  outline) 
is  the  same.      In  the  upper 
figure    "^J^r.  =   1.0;    in   the 

lower  figure   ^j/^ ^  =  0.  5; 

for  both  figures  n  =  4. 


Table    l.--Area    and    perimeter   of    free-burning    fires 
for    different    values    of    fire    shape    parameters 
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Throughout  the  rest  of  this  paper  we  will  employ  dimensionless  forms  for  all 
]-)arameters  and  results.   Table  1  gives  values  for  the  perimeter  length  and  the  area  of 
various  fire  shapes  generated  using  equation  9.   In  this  table  the  perimeter  length  is 
normalized  by  r(0)  and  the  area  by  r^Co),  where  r(0)  is  the  distance  from  the  point 
of  origin  to  the  head  (or  front)  of  the  fire.   These  values  may  be  used  to  compare 
sensitivities  in  absolute  terms,  because  later  results  will  be  given  in  terms  of  the 
initial  fire  perimeter  length  and  initial  fire  area. 

The  second  simplifying  assumption  we  make  is  that  the  fire  is  to  be  suppressed 
(or  contained)  through  the  work  of  two  crev.'s  which  divide  the  effort  equally.   This 
assumption  not  only  introduces  the  simplification  of  mathematical  symmetry,  but  reflects 
current  practice  both  in  the  United  States  and  the  Soviet  Union.   Tlie  advantage  of  this 
tactic  is  clear  upon  a  little  thought:   If  the  work  of  suppression  proceeds  in  only  one 
direction  from  the  starting  point,  then  when  the  crew  completes  its  circuit  around  the 
fire  edge,  it  will  encounter  the  fire  burning  behind  the  original  line  of  control 
near  the  starting  point.   If  the  work  proceeds  in  both  directions  from  the  starting 
point,  then  when  the  two  teams  meet  on  the  opposite  edge  of  the  fire  the  containment 
will  be  complete. 

The  third  assumption  employed  here  is  that  the  rate  of  progress  by  the  suppression 
crew  (A)  is  constant.   This  is  a  good  approximation  for  machine-aided  effort,  but  is 
clearly  not  a  good  approximation  for  work  with  handtools  or  backpack  pumps  (with  the 
possible  exception  of  the  new  Soviet  technique  of  backfiring  against  a  line  of  foam 
laid  down  using  a  backpack  cannister) .   It  would  be  a  little  more  complex  to  assume  that 
the  rate  of  suppression  is  a  simple  function  of  the  rate  of  advance  of  the  fire  edge 
perpendicular  to  the  boundary  (see  inequality  8)  which  quantity  is  proportional  to  the 
fire  intensit)'  as  defined  by  Byram  (1959).   For  instance,  one  might  argue  that  direct 
suppression  will  progress  at  a  rate  inversely  proportional  to  the  depth  of  the 
flaming  zone.   This  depth  is,  in  turn,  approximately  proportional  to  the  rate  of  advance 
of  the  fire  edge  (Albini  1976) .   For  the  purpose  of  exploring  the  sensitivity  of  burned 
area  and  time  required  for  containment  to  various  factors,  however,  it  is  sufficient 
to  use  a  constant  work  rate. 

Using  these  simplifying  assumptions  it  is  possible  to  write  closed  form  expressions 
for  the  burned  area  and  the  time  expended.   Dividing  equation  7  by  equation  6  and 
integrating  wc  obtain  the  formula  for  the  shape  of  the  final  boi.mdar>': 

R(0)  =  R(e  )  exp  (/^V(e')  do')  (10) 

9 

0 

In  this  equation  the  function  to  be  integrated  is 


f(0) 


r/A+  (rVr)  V  1  +  (r'/r)^  -  (f/X)^ 

-  (rVr)  (r/A)  +  V  1  +  [r'/rV    -    (f/A)2  (li; 


whicli    is,    under  our  assum]5tions ,    purely   a    function   of  the   angle   6,    since   r    (0)    is   given 
by   equation    9   and 

r7r   =    (^  r(G))/f(e)  (12) 

Note  that  the  value  of  R(e)  depends  upon  tlie  choice  of  the  starting  point,  6  .   If  the 
effort  begins  at  the  front  edge  of  the  fire  on  the  line  of  symmetr)-,  then 

0=0;  \\{Q    )  =  r  (0)  (13) 

0  o      o 


where    r    (0)     is   distanee    from    the    point    of    ignition    to    t  lie    front     e.l,^.   of    the    fire 
at    the    time    the    sujiiiress  i  i)n    work    l)e>!',iiis.        If,    liowt-vc-r,    the    work    hrviim    ,it     t  lie    haei 
edge   of   tlie    fire,    tiien 

",,    =    ^;    IM:'    )    =    (V|.,/\Y.)    r    (0) 

Figui-e   3    sliows    examples   oi'   final    fire    shapes   eoiiiinited    aeeonlin,",    to   e(|uation    Id.    l!ot 
tactics   are    illustrateel    m    each    ski-teii   of    figure    .^ ;    the    upper   half   o{'   each   iliar.i'ain 
shows    tlic    result    of   attacking    the    liead    fire    first    and    tlie    lowei'    half    slunvs    tlie 
result    of  attacking   the   hacking    fire    fii-st. 


(1  I 


Tlic   time   re^iuired    to   complete   tiie   work    ( 't  )     is    obtained    from   etpiations    1,    (> 
and    10: 


ut 


f  ' 

iKCi'.J/^' )    J  (cxp{/   f(0-)dL)')/sin  atdi) 


(  13 


where   sm   ^i    is    given   h\-   e(|uatioii   -I 


Tlie   total    burned   area    (S)     is   given    simpl\-    h\- 

rr  (-1    +TI  C) 

S    =    /    l^'-(H)dl)    =    R''(M     )     r"       0X1-1(2/     f  fO'ldn'ldri 

J  1 1 


n(> 


figure  3. — Shape  of  burner,  area  for  sucecssfid'Lj  .^cnitdineJ  firths  .-u'\_-i- :ir,j  i,;  ,_;.; 
I  10.  In  each  sketcli,  tlie  upj^er  half  .-^orresponi/c  to  attachinp  tJie  Jie:y:  fire  f'i\ 
I  the  lover  half  corresponds  to  attaakhi.j  tJie  sojne  fire  from  the  bach.  Th.c  f:  re 
I  parameters  are  (fiven  in  each  sketcJi  (see  equation  P).  Hitio  V'-'..  is  the  rdr 
line  construction  divided  bp  the  foriiard  rate  of  spread. 


Table    3-"~Time    required   to    contain    a    fire    for   two   suppression    tactics 
and    various    fire    shape    factors.    A/Vp    is    the    ratio   of    suppression    rate 
to    forward    rate    of    spread;    V^    is    the    flanking    rate   of    spread    and    Vg 
is    the   backing    rate;    n    is    another    shape    parameter    (see    fig.     ]). 
Entries    in    table    are    (A   x    containment    time/initial    perimeter),    so  are 
numerically   equal    to    the    final    per  i  me  ter/ in  i  t  i  a  1    perimeter 


Tact  i  c 

1     :    attack   backing 

f  i  re 

f  i  rst 

Tact 

ic   2    : 

attack   head 

f  i  re 

f  i  rst 

n   = 

1 

n    =    2 

n    = 

4 

n    = 

1 

n    = 

2 

n    = 

4 

\    '' 

X/Vp 

^Vf 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 

0.5 

1  .0 

0.2 

1.01 

1.01 

1.01 

1.01 
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1.01 

1.01 

1.01 

1.01 
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1.00 
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1.01 

1.01 
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1.01 

1.01 

1.01 

1.01 

1.01 
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.6 

1.01 

1.01 

1.01 

1.01 

1.01 

1.01 

1.01 

1.01 

1.01 

1  .01 

1.01 

1.01 

.8 

1.02 

1  .01 

1.01 

1  .01 

1.01 

1.01 

1  .01 

1.01 

1.01 

1.01 

1  .01 

1.01 

1.0 

1.02 

1.02 

1.02 

1.02 

1.01 

1  .02 

1  .01 

1  .02 

1.01 

1.02 

1.01 

1.02 
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1.13 

1.13 

1.  12 

1.  12 

1.12 

1.  12 

1 .06 

1.07 

1.05 

1.05 

1.04 

1.04 

.4 

I.IA 

1.1^4 

1.13 

1.13 

1.13 

1.13 

1 .08 

1.09 

1.07 

1.08 

1.06 

1.07 
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.6 

1.15 

1.15 

1.1^4 

1.15 

1.14 

1.14 

1.  10 

1  .  12 

1.09 

1.11 

1.08 

1.11 

.8 

1.17 

1.16 

1.  16 

1.16 

1.16 

1.16 

1.13 

1.15 

1.12 

1.14 

1.11 

1.  14 

1.0 

1.19 

1.18 

1.18 

1.18 

1.18 

1.18 

1.15 

1.18 

1.15 

1.18 

1.14 

1.18 

.2 

1-30 

1.30 

1.28 

1.28 

1.27 

1.27 

1.13 

1.14 

1  .10 

1.11 

1.08 

1.09 

.4 

1.32 

1.32 

1.30 

1.30 

1.29 

1.29 

1.17 

1.19 

1.14 

1.17 

1  .12 

1.16 

5 

.6 

1.35 

■1.35 

1.33 

1.33 

1.32 

1.32 

1.22 

1.26 
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1.24 

1.18 

1.23 
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1.39 

1.38 

1.38 

1.38 

1.36 

1.37 

1.28 

1.33 

1.26 

1.33 

1.24 

1.32 

1.0 
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1.42 
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1.36 

1.43 

1.34 

1.43 

1.32 

1.43 
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:  1.61 

1.57 
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1.54 

1.55 

1.25 

1.26 

1.18 

1.20 

1  .14 

1.17 
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1.61 
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1.59 

1.32 

1.36 

1.26 

1.31 

1  .22 

1.28 
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.6 

1.7^ 

1.72 

1.69 

1.69 

1.65 

1.66 

1.42 

1.50 

1.37 

1.46 

1.33 

1.44 

.8 
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1.81 
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1.76 

1.78 

1.56 

1.69 

1.51 

1.67 

1.47 

1.65 

1  ,Q 

2.00 

1-95 
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1.92 
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1.74 

1.95 

1.69 
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1.66 

1.95 

.2 

1.83 

;  1.83 

1.76 

1.77 

1.73 

1.73 

1.31 

1.33 

1.23 

1.26 

1.  17 

1.21 

.k 

1.90 

1.89 

1.83 

1.83 

1.78 

1.79 

1.41 

1.46 

1.33 

1 .40 

1  .28 

1.36 

2.5 

.6 

2.01 

1.98 

1.93 

1.93 

1.88 

1  .90 

1.55 

1.65 

1.47 

1  .60 

1.42 

1.57 

.8 

2.17 

2.13 

2. 10 

2.  10 

2.05 

2.07 

1  .74 

1.93 

1.67 

1.90 

1  .62 

1.88 

1.0 

2.^42 

2.3A 

2.35 

2.34 

2.30 

2.34 

2.01 

2.34 

1.95 

2.34 

1.90 

2.34 

.2 

2.28 

2.28 

2.16 

2.  17 

2.  10 

2.  1  1 

1.43 

1.45 

1.31 

1.34 

1.23 

1.27 

.h 

2.^0 

2.38 

2.27 

2.28 

2.19 

2.21 

1.57 

1.65 

1.45 

1.55 

1.37 

1.49 

2.0 

.6 

2.59 

2.55 

2.45 

2.45 

2.36 

2.39 

1.78 

1.95 

1.66 

1.87 

1.58 

1.81 

.8 

2.91 

2.82 

2.76     2.76 

2.66 

2.71 

2.10 

2.44 

1.98 

2.38 

1  .90 

2.34 

1.0 

3.i42 

3.27 

3.28     3.27 

1 

3.18 

3.27 

2.61 

3.27 

2.48 

3.27 

2.40 

3.27 

.2 

3-72 

3.72 

1 

3.42      3.43 

3.24 

3.26 

1.70 

1.74 

1.48 

1.54 

1.35 

l.i^l 

.k 

^.0^ 

A. 01 

3.68     3.69 

3.47 

3.50 

1.96 

2.  10 

1.72 

1.39 

1.58 

1.77 

1.5 

.6 

A.  60 

A.i48 

4.18     4.18 

3.91 

3.98 

2.38 

'2.75 

2.  12 

2.54 

1.95 

2.40 

.8 

5.66 

5.40 

5.16.'  5.  16 

4.82 

4.98 

3.15 

4.07 

2.84 

3. 88 

2.63 

3.74 

].0 

7.93 

7.'^5 

7.32      7.45 

6.93 

7.45 

4.77 

7.45 

1 

4.38 

7.45 

4.13 

7.45 
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Since    the    initial     fire   area    is    etiua  1    to    i  lie    S(|iiare    m"    r    (O)    piu  I  l  ;  ;i  1  i  cJ    I-/    a    sh.iji,- 

factor    (table    1)    which   decreases    as    tlie    fire    becnuics    mere    .■lon.'a'.'d    in    shape    ( \'     'Y 

I  f     1  ' 

Vg/V^-   dccreasiii;:,    n    iiicreas  i  ny, )  ,    ene   cm    assei't     that    the    initial     fire    aiea     is    of 
extreme    imjiortaiice    in   det  ei-m  i  n  i  ii;;,    final    luii'iKd    area. 

The    time    required    for    containment    can    lie    fuiiiui    in    rat  in    to    tiie    iileali/ed    time 
elapsed    from    jonition    to   the   he;'i„nino   oi    suppi-ess  ion    tiirom'Ji    the    folIi.Aiin-    relation- 
ships : 


At      -    r_(;)J/V 
s  o  !■ 

At       =    C,/^")     (AAt/P^    )  , 

where 

At  ^    -    idealized    time   between    ii',niti(,)n    and    start    of   supjiress  i  on 

At      =    time   retiiiii'ed    foi'   containment 

P         -    fire   ]ieriineter    length    at     the    start    of    suppression 
(AAt/P    )    =    values    t^iven    in    table    .^. 
Dividinj;   equation    17    b_\'   equation    Is,    we    find 

At/At^    =    (P7r    (D)  1     (  s't/P    )/(  \/\Y) 
where   values   of    (P   /r    (o))    are    tabulated    in    table    1. 


(  IS 


(  1  •)  I 


Note,  however,  that  while  the  values  vMven  in  table  1  are  limited  to  the  i-aiU'c 


2    <    P   /r    (0) 


till-    ratio    (AAt/P    )/'(^/V    )    can    take    on    a    \-er\-    wide    r'anr.e    of    valiiO'^, 


To    find    the   value    of    tliis    hiuhlv    varialile   (|uantit\-,    oiu'    merel\-   di\ides    t  lu^    entries    in 
table    5    by   the    values    n{'    {  '• /V    ]    .i',i\'en    in    the    lv.'ft    most    column.       IVlien    this    is    done    one 
obtains,    ap]iro.x  i  mat  el  >• ,    the    I'atio    o\'   the    time    lU'quired    \'uv    containment     to    the    i  di'a  1  i  ■i.wi 
time   since    i!:;nition,    because    the   wiIul'   of   P    /r    (ii)     is   ot"    rlie   ordei-   r^l'   nint\-.       In    this 
wa\'   one    rcadil>'    sees    that    one    of    tlie   most     iiii|H)rtant     1'actoi-s    in    det  erm  i  n  i  ii;',    t  lie    t  iiiie 
required    for    containment     is    the    I'ate    '.^i'    supprc^'-.s  i  on    in    ratio    to    t  lie    forward    rate    o[' 
spread    (  >VV    )  .       This    i^araiiK'ter    is    t'ar    more    inl'luential     than    fire    shape    or    clioice    ot" 
tactics.      Tlie    idealized    tiiiK'    since    i.^nition    (;,t     )     is    the    norma  1  i  .■;  nc.    \-aliie    for    't     in 
eciuation    19,    and    is    ver}'    i  iii|)o]-t  ant    when     '/A,,    is    ksss    than    alunit    tiiree.       \\]\cu     ■/'f,     *"■' '  1 '^ 
bcUnv    three,    tlie   ratio    ',t/At,     ( accord  i  iic.    to    LM|iiatioii    1'.'    and    table    si    bi.\s)mes    ;.M-eater 
than   one   luider   tactic    1.      Under    tactic    J    the    ratio    is    i'.enerall\    rreater    than    one 
when    VV.,    is    less    than    2.3. 

From   this    sensitivit\-    analx-sis    we    can    reinforce    coiueiitional    wisdom    with    rcard    to 
the    two   most    important    faclcu^s    in    det(M"m  i  n  i  ii,r,    tiie    burned    area    and    time    I'equired    \'or 
containment:       (1)    minimize    the    tiiiiL-    between    ijuiition    and    start    ot'    suppression    ('t     ,    and 
indi  rect  !>• ,    r    {!))J;    and    (A)    use    the   maximum   available    suppression    foi'ee    (1.       In    a\ldition 

we   have   established   a    means   of   quant  i  f\' i  nr,    the    influenci'   of   tliese    t\utors    for    the 
purjiosc    of   assessing;   overall    effect  i  veiu'ss    of    fire    siip|M-ess  i  on    loi'ces. 


CHANGING  TACTICS: 
INDIRECT  ATTACK  ON  RAPID  HEAD  FIRE 

In  the  mathematical  formulations  above,  a  necessary  condition  for  successful 
containment  of  a  fire  is  that  X>V'  ,  or  that  the  rate  of  suppression  must  exceed  the 
forward  rate  of  spread  of  the  fire.   But  as  every  firefighter  knows,  this  condition  can 
be  violated  and  yet  the  fire  can  be  contained.   If  the  head  fire  is  advancing  too 
rapidly  to  be  contained  by  suppression  action  at  the  edge  of  the  fire,  in  many  cases 
the  firefighting  team  will  construct  a  "fire  break"  or  barrier  ahead  of  the  advancing 
fire  to  stop  its  forward  progress.   Then  working  against  the  flanking  fire  either 
from  the  forward  or  the  rear  direction,  the  encirclement  can  be  completed  by  work  at  the 
edge  of  the  fire. 

In  figure  4  we  sketch  such  an  attack  against  a  rapidly  advancing  head  fire.   The 
first  step,  shown  in  figure  4a,  is  to  establish  a  barrier  ahead  of  the  fire,  perpen- 
dicular to  the  direction  of  maximum  rate  of  spread.   When  the  fire  reaches  this  barrier, 
as  shown  in  figure  4b,  work  proceeds  back  toward  the  flanks  of  the  fire.   When  the  crew 
meets  the  advancing  edge  of  the  fire,  as  sliown  in  figure  4c,  work  can  proceed  at  the 
edge  of  the  fire  from  that  point  on  around  to  the  rear,  since  the  perpendicular  rate  of 
fire  spread  at  tlie  point  of  meeting  is  less  than  the  rate  of  suppression. 

For  the  purpose  of  carrying  out  a  mathematical  analysis  of  this  tactic,  we  idealize 
tlie  situation  as  follows: 

(1)  Work  proceeds  syiranetrical ly,  by  two  crews,  and  the  rate  of  line  construction 
is  everywhere  the  same  (=A,  as  before). 

(2)  At  the  instant  the  forward  edge  of  the  fire  reaches  the  perpendicular  barrier, 
the  crews  change  direction  of  work  and  proceed  in  straight  lines  back  toward  the  fire 
flanks . 

(51   The  direction  chosen  for  the  second  straight  segment  of  barrier  line  is  such 
as  to  bring  the  crew  into  contact  with  the  edge  of  the  fire  in  a  direction  tangent  to 
the  instantaneous  fire  boundary. 

Clearly  there  is  a  matliematical  solution  to  tlie  problem  of  choosing  the  best 
distance  (a)  ahead  of  the  fire  front,  and  likewise  a  best  (probably  curved)  path  to 
follow  to  bring  the  crews  into  contact  with  the  edge  of  the  fire.   Such  a  solution 
would  be  interesting  as  a  mathematical  problem,  but  of  little  practical  significance. 
The  idealization  chosen  is,  hopefully,  a  compromise  between  mathematical  perfection  and 
realizable  practice.   It  should  be  noted  that  this  idealization  is  not  tied  to  any 
particular  method  of  line  construction  (machine-aided  hand  line,  hand  line  with  back 
firing,  machine  construction,  explosive  construction,  etc.) 

The  use  of  the  tactic  as  described  would  be  rare  in  the  United  States  and  is 
infrequent  in  the  Soviet  Union.   But,  when  conditions  permit  its  use  with  due  regard  for 
crew  safety,  the  reward  in  terms  of  burned  area  and  time  of  control  can  be  substantial 
in  some  cases. 

As  tlie  procedure  is  outlined  above,  for  any  given  set  of  fire  shape  parameters 
(V'  /V  ,  V  /V'  ,  and  n)  and  given  value  of  A/V   the  final  area  and  perimeter  are 
completely  determined  by  the  choice  of  a  value  for  the  distance  (a)  ahead  of  the  fire 
at  which  the  initial  barrier  is  constructed.   We  normalize  this  distance  by  the  initial 
distance  from  the  point  of  ignition  to  tlie  front  of  the  fire,  r  (0). 
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Fiijw:''e   4A.--The  first  step  hi  i/'onti'dlinj  a   pap'u.i  JicaJ  fivi''    is   tiir  :'i'>iiv  !V<.'-!  -fo}!.  of  .: 
barrier  at  distaytce    '"a"  aJiea^i  of  the   initial   fire    iih-etie>!.      H:    (',v!n !-}'ue!  io>!  <\''  tlir 
second  se'jrnent  of  the  barriei'  starts  uiJioji   tJie  fire   ri:aeJit-s    t.iie  j'irst   see''u'}tl.      C:    Wo'k 
proceeds  agaitist   the  flanhiyhj  fire,    l:>ij  direet   atteek,    hnuii    ! lie  fire   riuieJu-s    tJie  seeon: 
barrier  segment. 


Clearly  a  best  choice  exists  tor  the  value  a/r  (o) 


f 


a"    i  s    t  oo    Siiia  11,    t  he    t"  i  re 


will    reacli   the   barriers    ver\'   (|uiekl\',    and   contact    uith    the   eilj'.e   of   the    fire   will    occiii' 
at   a   position   near   the    line   of   syiiimet  r\' ;     if   this   contact    occtir'^   where    i  ne(|n,i  1  1 1  \-   S    is 
violated,    control    will    not    be    possible.       I'"   "a"    is    too    lai\i',e,    the-    initial    bari'iei'    will 
he   unnecessar  i  1>'    loni;    aiul    iiiiicii    time    will    lu^    wasted    lu'foi'e    contact    witii    the    t'ii'e    t'dr.e    is 
made;    indead    if   "a"    is    suf  f  i  c  i  i-nt  1  >•    lar;',e,    tin-    seconil    bari"icf    will    contact    the    edr.e    of 
tlie   fire   at    a   point    to   the   reai-   of   tlie    fire    flank,    i"osultini',    in   much    unnecessa  i\\'    burned 
area . 


Table    k. — Values    of  burned   area/initial    area    and   final    perimeter    length/initial 
perimeter    length   when    the    suppression    tactic    is    to   build   barriers    ahead   of 
the    fire    as    sketched    in    figure    k.      Also,    tabulated    is    the    first    barrier 
distance    ahead   of   the    fire    (a)    divided   by    r^Co),    the    distance    from    the    point 
of    ignition    to    the    head  of    the    fire.      A    is    the    rate   of   suppression,    Vp   the 
forward    rate   of  spread,    and   Vr    the    flanking    rate;    n    is    a    fire    shape    parameter 
(see    figure   2) 
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Tabic    4    presents    the    results    of    repetitive    ea  1  cii  1  at  i  i>ns    n\'   Imnied    aiaM    aiui    final 
perimeter    for   several    fire    shapi's    and    various    ratios   o\'    the    im    e   of   suppression    .o    tl;c- 
forward   rate   of   spread.      Also    siiouii    in    table    I    are    tlie   best    values   of   a/i-    ((i)    foj- 
achie\-ing   the   minimum   Inirned   ai-ea    oi-    the   minimum   containment    tii-ie.      TIk^   value   of 
a/r_(())    whieli   miniiiiiies    tlie    burned    area    doe--;    not    neeessaril\-    >  i  inu  1  I  aneous  1  \-    iiiinii:a/o 
tiie    final    ]ierimete]-    length. 


The   striking    feature   of   ti\e   entries    in    table    1    is    tlie 
and   perimeter    length   aeh  i  e\'ali  1  l-   using,   this    taetie.      A   eomp, 
table    2    and    3    with    those    in    tabie     1    for    the    same   condition 
attack"   tactic   does   not    increase    the   burned    area    or   extend    tin- 
significant  1\-   when    A/V  ,    -J,    comjiared    to    the    aggressive    tactic 
head   of  tb.e    fire.      And    for   sucii    low   values   of    \/\   .    tiiis    tactic 
the   tactic    of  approaching   tlie    fire    from   tlie   back. 

Fii'ures    S    and    (>    exhihit    rho    sons  i  r  i  \' i  r  \'   nf   hn>-n,.,l     ii^,.,    ■,,< 


ow  \'a  1  ues  of  burned 
1  son  of  t  he  ent  i'  i  es 
shows  t  hat  t  h  i • 
t  i  nie  o  I 


)f  di 


irea 
I  n 
i  ]\A  i  rec  t 

con  t  a  I  niiient 


)i  u  1  rec  t  at  tack  at  t  lie 
is  hi  g,h  1  \'  pei'fc  I'.ib  1  e  to 


Figures  S  and  (>  exhibit  the  sens  i  t  i  \' i  t\'  of  burned  area  and  final  perimeter  to  t  he 
choice  of  first  barrier  location.   Ihe  location  of  the  first  barrief  to  minimi. :e 
burned  area  will  result  in  a  containment  time  not  \'er\-  different  from  the  mmimuiii  \alue 
Conversel)-,  if  the  barrier  is  located  to  minimi.:e  containment  time,  vtan'  little  ai'ea 
be\-ond  the  minimum  will  be  buiaied.   figures  "  and  S  show  graphical  1\-  the  sens  i  t  i  \- i  t  \- 
of  the  optimum  barrier  location  to  the  rate  of'  sujipression  and  fiia'  shape.   Thc' 
similarit}-  of  the  curves  in  figures  ."  and  ""  and  in  figures  r  and  .s  ag.aiii  illustrates 
that  the  criterion  for  opt  iiiii -a  t  ion  of  t  lie  barrier  location  is  iu)t  significant  i 
fire  shape,  siqipression  rate,  and  forward  fire  spread  rate  are  known. 


t     the 


Figure  5 .  - -Scnsi  ti vi  tij  of 
huimed  ar'ea  to  the  cJioioe 
of  first  bcu't'iei'   location. 
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Figure  6. — Sensitivity 
of  final  perimeter  to 
the  choice  of  first 
barrier  location. 
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Figure   7. — Sensitivity 
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Figure  3 .--noisitiint!!  of 
optimian   ('vinimimi  i^ontaiti- 
ment   tvne)    locatioi  of 
first  barrier  to  supprcs- 
sio>i  rate  and  fire  sJitipe. 
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But    this    scries   of   figures   also   tells   another    stor\'   of   stMis  i  t  i  \' i  t  \-.       Note    tliat 
a   small    "error"    in   barrier   placement    is    i  nconsc(|uciit  i  al    so    ion;;   as     ■ /\     ,    \'  ./\     ,    and    n 

are   projierl}'   chosen.       But    iiiiprope'i'   choice   of"    fire    sliape   oj-    rate   x'ariahles    can    lead    td 
catastrophic   miscalculation.       1  nr   exami^ic,    assume    ''     '    '      '''  "    ^  -.     i  •  .      . 

the   shape   of   the    foruard    ed,i;e   of   the    fii'e.      So    if    \/\ 


V 


1  s 


(I.J,    n    =    J    desc  )•  1  hes 
est  i  ma  t  lhI    t  n    be    1  .  (i ,    1  heii 


from   either    figure    7   or   fit',ure   S ,    a    choice   of   a/r    Ci)     in    t  lie    raiiue   H.JJ-O.J.';    is 

indicated.       Such   a    choice    wouKl    result     in    a    burned    area    ol'   no    moi'e    than    7> .  S    times    the 
initial    area,    and   a    final    perimeter   a]iprox  imat  el  >'    1.'.'   times    tlie    initial    perimi^tei^. 
However,     if   the   value   of   tlie    suppression    rate   had    been   ox'crest  imat  ed    h\'    ic   jiercen.t    or 
the   foruard   rate   of   spread   underestimated    b\-   a    similar   amount,    we    siiould    refor    to    the 


curves    lalieled   "0.9"    in    figures    S   and    d.      On    tiiese   cui-ves 

In    othei"    \vords,    an\'    liari'ier    location    closiu'    tlian    the 


ni\'  \'a  1  ue  o  f  a/r  (  o  )  1  ess 
than  0.28  results  in  no  solution.  In  othei"  words,  an\'  liari'ier  location  closiu'  tlian  ' 
critical    value   o'i   0.28    r    (0)    from   the    forward    edi^i.'   of   tiie    fir^.'   uill    not    allow 

sufficient    time   to   the   crew   to   achieve   a    "capturi.'"    condition    \\\\vu    tho   wori-.    reaches    the 
edge   of   the    fire. 

Because   of   this    sensitivit}'   and    tlie  severit>"   of   such   an    eiTor,    an    "opt  i  I'lum"   choice 

for   the    first    barrier    location    is    not    of  practical    s  i  lui  i  f  i  caiice.       Some    juibstantial 

"margin   of   safet)'"   must    be   considered    in  the    selection   v\'   the    initial    liarrior    location 

whenever    »     '^  V    .       For   this    reason,    table  ."    is    presenle'd,    siiowing    the   burned    aix-a    .\nd 

perimeter   ratio    for   the   same   conditions   as    in    table    1,    excL^jit    that    the    initial    bari'ier 
location    is    cliosen    to    be   twice    the    value   which    minimi:'.es    the    buriu'd    area.       Ibis    tabl 
there 


ppt 

pa 


refore,  incorporates  a  "margin  of  safet\'"  of  100  jiercent  in  the  dexiation  t  rom 
imum.   A  comjKirison  of  the  values  in  tables  4  and  f)  reveals  that  the  "jieiialt;." 


id  for  tliis  margin  of  safet\-  is  not  severe  in  most  case 


Table  5. --Values  of  burned  area/initial  area  and  final  perimeter 
length/initial  perimeter  length  when  the  suppression  tactic  is  to 
build  barriers  ahead  of  the  fire  as  sl<etched  in  figure  k.       In  this 
table,  the  barrier  location,  a,  is  chosen  to  be  twice  the  value 
which  minimizes  the  burned  area  using  this  tactic  (see  table  A). 
This  "margin  of  safety"  is  introduced  to  accommodate  the  practical 
difficulty  of  estimating  forward  rate  of  spread  and/or  suppression 
rate  to  high  accuracy 
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SUMMARY 


Wc   Iiave   established   a    luathciiiat  ical    formal  ism    for    the   anal\-sis   o\'   i'ore-^t     i"\  w 
;uppression   that    can   he   iiscU    for   plannin;.'.   pur]H)SfS.      'riii'ou;,',!i    the   use   o  1"    I'osiills    sneh   as 
hose   presented    in    this   ])aper,    anal_\'ses   of   costs   and   effectiveness   of    f  i  r'e-siippi-ess  i  on 
irganizat  ions   will    he    facilitated.      'I'he   iiiethodol  o;;\-    is    complicated    ciK>iijdi    that    inimcrica 
ivaluations   are   onl)'   possible   using   modern   digital    computers.       I'ait    basic    results   of 
iroad    ajipl  icab  i  1  ity   can   be    generated    at    modc-st    e.x|)ense    so    tht-    i  ir^'est  ment    appeal':-,    to    be 
'orthu'hi  le . 

bxtension   of   the   present    analysis   to    include   the   effect    of   a    wn-iable    i-ate   ol" 
uppression    is    straightforward.      Other   tactics   of    fire    suppression    can    also    be    studied 
ising   the   basic    formulation   presented   liere.      Such   extensions   iiia\'    be    the    subject    o\' 
"uture   studies. 
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RESEARCH  SUMMARY 

Experience  has  shown  that  road  networks  needed  for  conventional 
logging  can  lead  to  severe  erosion  in  the  Idaho  Batholith.     In  an  attempt 
to  develop  an  environmentally  acceptable  logging  system,   in  1971  the 
Forest  Service,  USDA,   in  cooperation  with  Boise  Cascade  Corporation, 
began  an  experiment  with  balloon  logging  in  Anderson  Creek  near  Garden 
Valley,   Idaho,  on  the  Boise  National  Forest. 

The  balloon  logging  system  resulted  in  far  less  environmental  impact 
on  the  land  as  compared  to  conventional  logging  methods.     This  conclusion 
is  based  on  observations  both  shortly  after  the  area  was  logged  and  after 
several  years  had  passed. 

This  sale  proved  the  physical  capabilities  of  logging  with  the  balloon 
system  in  the  Idaho  Batholith  area;  however,  the  conditions  are  not  ideal, 
with  the  steep,  broken  terrain  and  low  timber  volumes.     A  description  of 
the  equipment,  the  methods  of  operation,   and  problems  with  the  system 
are  included  in  the  report. 

An  economic  analysis  of  the  logging  is  presented  in  the  form  of  re- 
gression equations.     Factors    within  the  analysis  include  thousand 
board  feet  logged  per  acre,  board  feet  per  piece,  pieces  per  productive 
hour,   turns  per  productive  hour,   percent  productive  hours,   and  costs  per 
thousand  board  feet. 


INTRODUCTION 


The  Idaho  Batholith  comprises  16,000  mi"  (11,110  ki:r'l  of  steep,  hiplily  erodlMe 
tei-rain  in  central  Idaho.   Because  experience  lias  sliown  that  roadlnii  Idini',  in  the 
Batholith  can  cause  accelerated  erosion  rates  and  lead  to  mass  instability  problens, 
many  stands  of  overmature  jionderosa  pine  anil  PoujUas-f  i  r  have  not  been  harvested. 

In  an  attempt  to  develop  an  environmentally  acceptable  logj',in;',  system,  in  ]  9"!  the 
Forest  Service,  USDA,  in  cooperation  with  Boise  Cascade  Corporation  bepan  an  experiment 
with  balloon  logging  in  Anderson  Creek  near  Carden  Valley,  Idaho,  on  the  Boise  National 
Forest.  The  selection  of  this  system  was  based  on  projections  (Mcintosh  l'.U)8)  of 
balloon  yarding  costs  from  tests  conducted  in  British  Columbia  and  iH-jiort  s  from  l-,oheinia 
Lumber  Company's  balloon  logging  ojieration  in  Deception  c:reck ,  Oreg,on,  wliere  an  onion- 
shaped  balloon  proved  successful. 

^1a_ior  objectives  of  this  studv  are  to  evaluate  environmental  impacts,  logging 
capability,  and  economic  feasibility  of  balloon  logging  in  the  Rock\-  Mountain  area. 
Gardner  and  others  (197.^)  reported  that  this  Italloon  logging  experiment  appeared  to  be 
environmentally  acceiitable  based  on  short-term  observations,  was  ph\'sically  capable  of 
logging  the  area  with.iti  the  restraints  caused  by  terrain,  .uid  was  marginal  from  an 
economic  stand]ioint  for  logging  in  the  Idaho  Batholith. 

The  purpose  of  this  summary  report  is  to  present  a  detailed  analysis  of  the  bal- 
loon logging  costs,  production  data,  and  to  evaluate  the  en\'ironmental  effects  of 
balloon  logging  after  several  )'ears'  obsei'vat  ion .   During  Aug.ust  1977  the  balloon  sale 
area  was  revisited  in  order  to  make  a  visual  ins]iection  of  the  environmental  im]iacts  as 
they  api^eared  several  years  after  the  logging  was  completed.   Photos  were  taken  of  the 
area  and  these  showed  t'lat  visual  effects  of  the  logging,  ilisappear  rapidlx'  where  ground 
disturl)ance  w^as  minimised.   This  inspection  covered  roads,  cut  areas,  landings,  and 
streams . 


ENVIRONMENTAL  IMPACTS 


The  balloon  logging  system  proved  to  be  an  effective  loj'.ging  tool  from  an  eia'iron- 
mental  view]Uiint  .   The  .^,000  ft  (9]'l  m)  maximum  warding  reacli  uith  this  s\-stem  allmsed 
the  area  to  be  logged  from  existing,  roads.   This  resulted  in  iar  less  damag.e  to  the 
logged  area  (Anderson  Creek  waterslied)  ,  as  compared  to  logg.ini-  done  in  previous  \-ears 
with  cat -and- jammer  logging  systems  and  the  associated  dense  netwoiT  of  roads.   Tlie 
scars  from  the  old  logging  and  roads  are  still  readil>-  ajiparent,  even  though  it  has 
been  over  20  years  since  much  of  the  logging  took  place.   I'igure  1  sho\^■s  an  extrei^ie 
example  in  the  northern  part  of  the  Idaho  Batholith  of   how  an  area  looks  when  closely 
spaced  roads  are  required  to  facilitate  the  log.ginj',  methotl.   In  contrast,  figure  2 
shows  an  example  of  the  appearance  of  an  area  short 1\-  after  being  logged  with  the 
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Figure  1. — ^^n  extreme  exam[  .  ■.   j.f  j,^\;..-_;  j^-aceJ  roads  to  facilitate  the   logging  system 

in  the  northern  Batholith. 


Figure  2. --An  area   logged  with  the  balloon  logging  system. 
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balloon  sx'stcm.   The  esthetic  a(.ivantai',es  of  balloon  loi'.t.' inj',  ai-p  rcadil\-  apparoni  t'roni 
the  air  or  on  the  pround  as  there  are  feu  scars  left  on  tlie  lamiscape  conpared  to  the 
conventional  logging  metliods.   This  visual  observation  lias  pro\-L'n  true  at  this  -^iti' 
soon  after  logging  and  after  several  >'cars  have  passed  since  the  loi'.r.ins'  tool  place 
(fig.  5). 

Lifting  logs  vcrticall)'  with  the  balloon  and  fl)'ing  thei'i  to  the  land.ing.  allov.s  any 
cutting  method  to  be  used.   On  tiiis  sale,  an  o\'erstor\'  rei:io\'al  ha  i'\(_'St  i  ng  method  was 
used  with  a  miniminii  diameter  specified,  in  order  to  release  the  undei'story.   Miniiiuii;i 
diameter  varied  depending  on  the  unit,  but  most  units  had  a  l.S-inch  (^3-cm)  niinimum 
diameter.   \'er)'  little  damage  to  the  understory  resulted.,  and  the  niajorit>-  o^'   this 
damage  occurred  during  the  felling  operation.   A  few  liinl-^  were  broken  b\-  th.e  i-.a  i  n  .and 
haulback  lines  and  flying  logs,  hiut  this  damage  was  r.iininal. 

A  buffer  strip  of  timber  was  left  uncut,  adjacent  to  stream  chainiels  in  each  lor,- 
gingunit.   This  was  an  effective  method  of  ]"irotect  i  ng,  the  stream,  .ami  the  (mi1\  .app.arent 
damage  was  due  to  a  few  logs  being  accidental]}'  dropped  into  the  cre(d-  dui-ing.  the  }'ardinr 
operation.   .'\ny  debris  from  the  logging  w;is  removetl  aiui  the  crecT  sliows  no  effects  from 
the  logging.   Figure  4  shows  a  t\'pical  reach  of  Antlcj-'^on  Creed,  as  it  was  in  \Mgust  l'.r~. 

Landing  construction  was  a  source  of  ground  di  st  uidi.ar.ci^.   In  onler  to  mniin;i:-c'  this 
disturbance,  many  of  the  landing  areas  were  less  th.-m  oiu-half  aci-e  (d.J  h.a  i  in  si;:i.>, 
or  the  road  surface  was  used  for  a  Landing,  are.a  ffig..  ."'^  .   .\  bedding  .area  (fi;',.  t  )  was 
constructed  in  the  C'ow  Creek  subdrainage  for  t>'ing,  the  b.alloon  down  during  severe- 
storms  or  for  maintenance  work  on  the  b.alloon.   i'his  w;is  the  onl\  si.-.ablc  emb.ankir.ent 
constructed  for  tlie  balloon  loi',ging  operation,  and  some  erosion  resu  1 1 1  d- -  th.e  i:;ii(n-itv 
being  during  a  liigh  intensit}-  rainfall  siiortl}'  after  construction.   Tiie  g/r.llios  from 
the  erosion  have  been  vegetated  anil  have  stabili.-.cd  as  sjunsn  i  i^  figure  ~. 


Tlie  reduction  in  tlie  densit)'  of  road?  with  the  balloon  system  leaves  the  land  man- 
ager Kith  limited  access  to  manape  the  land.   This  can  be  a  problem  especially  where 
fire,  disease,  or  insects  are  a  threat  because  proper  slash  treatment  is  difficult  due 
to  poor  access.   This  is  not  to  sa>'  tliat  proper  slash  treatment  cannot  be  accomplished, 
but  tliat  the  high  costs  of  treatment  must  be  considered  as  an  extra  cost  in  the  balloon. 
system  as  compared  to  logging  systems  using  a  more  dense  road  network .   Regeneration 
and  other  management  functions  also  will  be  more  difficult  and  expensive  because  of  the 
limited  access  pro\'idcd  by  the  balloon  logging  road  system. 


PHYSICAL  CHARACTERISTICS 
AND  LOGGING  CAPABILITIES 


This  sale  proved  the  physical  feasibility  of  logging  with  a  balloon  system  in  the 
Idaho  Batliolith  area;  however,  the  conditions  are  not  ideal.   Steep  slopes,  generally 
45  to  90  percent,  made  working  conditions  difficult  for  the  riggers,  fellers,  and 
choker  setters.   The  highly  dissected  drainages  made  frequent  cable  road  and  layout 
changes  necessary  in  order  to  reacli  the  logs.   Figure  8  shows  the  severity  of  the 
terrain  on  a  contour  map  of  the  logged  area. 

Tlic  main  piece  of  ecjuipment  for  the  half-million-dollar  (1971  cost)  yarding  system 
was  an  onion-sha])ed ,  [lacron-neoprenc  fabric  balloon  which  is  115  ft  (34.4  m)  in  height 
and  105  ft  (32  m)  m  diameter.   Tlic  560,000  f t ^  (15,857  m^)  helium-filled  balloon  had 
a  net  lift  of  22,500  lb  (10,200  kg)  sliortly  after  inflation.   This  lift  varies  consid- 
erably with  elevation  and  temperature.   (Temperatures  in  the  Harden  )'allcy  area  of  Idaho 
range  from  below  zero  (-17.8°  C)  to  al)ovc  100°  F  (57.8°  C)).   On  cold  mornings  when  the 
temperature  was  below  freezing,  decreased  lifting  capacity  slowed  the  yarding  operation 
considerably.   The  lifting  capacity  of  the  balloon  is  also  greatly  reduced  by  even  a 
thin  covering  of  snow  or  ice.   A  heavy  snow  can  cause  the  balloon  to  tear  due  to  the 
snow  load  or  from  the  rebound  wlien  a  snow  load  slides  from  the  balloon.   A  tear  did 
result  from  a  sliding,  snow  load  and  ttie  resulting  quick  load  release.   The  snow  condi- 
tions at  the  logging  site  required  that  the  balloon  be  stored  for  5  or  4  months  during 
eacli  winter.   Storage  is  a  ]Trol)lem,  as  there  is  no  economical  way  to  deflate  the 
balloon  and  store  the  gas.   Snow  removal  was  a  continual  maintenance  burden  for  the 
logging  company  during  winter  bedding  of  tlie  balloon  (fig.  9),  but  it  was  the  most 
economical  solution  since  enough  helium  to  fill  the  balloon  cost  aj^proxinateiy  S2S,000. 

A  very  small  amount  of  leakage  occurred  during  normal  o]ierations,  but  this  was  not 
a  problem  and  was  within  the  ex]")ected  loss  estimates.   The  balloon's  reflective  aluminum 
surface  was  repainted  during  the  3-year  sale  in  order  to  prevent  excessive  wcatlieriiig  of 
the  fabric  and  to  control  temperatures  caused  by  radiation  from  the  sun. 

Wind  affects  yarding  in  proportion  to  vclocit)',  with  the  ojieration  being  consider- 
ably slower  as  the  limiting  operable  velocity  of  approximately  25  mi/!i  (-U)  km/h)  is 
approached.   \'ariable  winds  are  also  troublesome  even  at  low  wind  velocities  due  to  the 
problems  with  landing  loads  and  positioning  over  the  logs  for  hooking  chokers. 


Figure   3 . --Contour  map  of  tlie  hallooy:    longinn  area   in   t1:c    J  ]ahc 
creei  uul:   hrclioi   tervain.    (L'tua:/  area  ;.'/!/:: ?. 


4 


A 


1 


J''iijui'c   J.  --r'l-i  looyt  iiitit-ci'  hedirin'j  ayea  n.car  Carae):    \'a''ei 


Fiaure   20. — Waskinaton  Model   608A  I'arder 


The  yarder  (fip.  101  was  built  b\'  Washington  Iron  Works  for  the  balloon  logging 
system.   Aero  Yarder,  Model  6nSA,  has  hydraulic  interlocking  drums  with  a  mainline  ca- 
pacity of  5,500  ft  (1,676  m)  and  haulback  capacity  of  7,000  ft  (2,154  m)  with  1-inch 
(2.54-cm)  cable.   T!ie  weight  of  the  >-arder  is  approximately  160,000  lb  (72,575  kg) 
with  a  tracked  undercarriage.   Hydraulic  problems  and  planetary  gear  problems  occurred 
during  the  first  \'ear's  o]">eration,  luit  the  newl>'  designed  yarder  performed  satisfactoril 
during  most  of  tlie  last  two  logging  seasons.   An  HD-21  tractor  equipped  with  a  large 
capacity  h\'draulic  winch  was  used  for  transporting  the  balloon.   Tlie  balloon  was  teth- 
ered to  this  tractor  during  maintenance  and  moving  operations. 

A  scliematic  of  a  typical  yarding  layout  for  the  sale  is  shown  in  figure  11.   The 
figure  illustrates  tlie  continuous  cable  system  with  the  balloon  providing  a  lifting 
force  to  fly  logs  from  the  stumji  to  tlie  landing.   Location  of  the  5/16-inch  (0.T9-cm) 
strawline  used  for  restringing  the  mainline  is  also  shown.   Figure  12  shows  the  ojiera- 
tions  schematic  for  a  typical  >'arding  turn. 


Tlie  \'arding 
bal  loon  '  s  buo>'an 
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choker  setters  t 
The  lines  are  si 
tlie  yarder  begin 
(fig.  12B).  As 
imize  swinging  o 
landing  area  (fi 
choker  setter  as 


turn  starts  with  the  balloon  leaving  the  landing  area  unloaded.   The 
t  force  provides  a  portion  of  the  jiower  to  mo\'e  the  system  out  to  the 
en  tlie  balloon  is  over  the  logs,  tension  is  applied  to  the  mainline 
pull  the  balloon  down  so  the  tagline  can  be  reached  b\'  the  choker 
A) .   The  chokers  have  been  preset  on  the  load  of  logs  so  that  the 
kly  hooked  to  the  tagline  and  the  men  can  move  clear  of  the  area.   The 
hen  radio  the  machine  operator  that  the  load  is  hooked  and  read)'  to  yard 
acked  so  the  balloon  rises  nearly  vertically  to  clear  the  understory  and 
s  jHilling  in  the  mainline  while  simultaneously  slacking  the  haulback 
the  logs  approach  the  landing  area,  the  rate  of  travel  is  slowed  to  min- 
f  the  load  and  the  lines  are  tensioned  in  order  to  set  the  logs  on  the 
g.  12C).   The  chokers  are  unhooked  from  the  logs  and  flovvTi  back  to  the 

the  cvcle  starts  again. 


The  steep  slopes  and  narrow  drainage  bottoms  limited  the  si:e  ami  location  of 
landing  areas.   Availability  of  landings  is  an  important  factor  v  Ikmi  la>-ing.  out  th- 
sale  units;  thus,  the  landings  dictated  much  of  the  sale  la\-out.   i'ortunatel\',  tlie 
balloon  system  layout  is  not  further  limited  l)y  cable  deflection  reijui  i-ement  ■- ,  tlie  onl>- 
requirement  being  that  the  main  and  haulbacl;  lines  do  not  rub  the  ground.   S-ia  11  land- 
ing si::e  is  a  safety  problem  because  tlic  log  deck  can  <iuickly  become  a  jaclst  rawed  maze 
of  logs  when  the  loader  used  for  clearing  the  log  landing  area  is  temporarily  out  of 
service.   This  makes  the  unhooker's  job  esjieciall}-  thnngerous  tiuring,  x'hv   unhooHiig. 
operation  because  of  the  possibility  of  sliifting  logs.   In  }',eneral,  safety  is  decreased 
when  the  landings  are  small  because  of  the  increased  congestion  of  iDen  ami  e(iuipmcnt. 
Production  is  slowed  with  small  landings  since  the  swinging  load  of  logs  has  to  be 
brought  into  the  landing  more  slowly  for  adequate  control  in  setting  tiie  logs  down  on  a 
small  area. 

The  tagline,  to  which  the  chokers  are  attached,  was  varied  in  length  as  tlie  terrain 
dictated.   The  longer  length  tagline  allows  the  cliokers  to  reach  the  ground  with  less 
effort  expended  in  pulling  the  balloon  down.   However,  the  longer  tagline  caused  the 
chokers  and  logs  to  swing  more  than  a  shorter  tagline,  tlius  taking  more  time  to  ]x:)siticni 
the  chokers  for  hooking  and  unhooking.   The  optimum  length  for  the  tagline  was  judged 
by  the  crew  depending  on  wind,  terrain,  and  logging  set  configuration,  and  tagline 
length  could  vary  at  eacli  cal)le  road  location. 

The  choker  setter's  job  proved  to  be  difficult  for  several  reasons.   The  terrain,  is 
steep,  especially  in  some  of  the  draws  where  slopes  of  90   percent  are  encountered.   Tliis 
made  dragging  the  tagline  difficult  and  scrambling  from  the  area  l>elow  tlie  fliglit  path 
of  the  logs  strenuous.   It  is  particularly  important  from  a  safet\-  standpoint  to  be 
clear  of  the  logs  to  avoid  becoming  entangled  with  the  load  or  being  hit  b)-  a  falling 
log  or  limb.   Siumner  temperatures  (sometimes  around  100°  I-  (.S7.8°  C) )  and  fall  snows 
and  rains  made  the  choker  setter's  job  even  more  arduous. 

Yarder  operators  had  to  be  conscientious  am!  skillful  to  keep  the  o\'erall  operation 
safe  and  efficient.   Particular  skill  and  quick  thinking  are  recpiired  if  a  line  k-reaks 
or  a  stump  pulls  loose  because  the  balloon  builds  up  a  large  inertial  force  with  a  few- 
seconds  of  free  flight.   Tlie  balloon  should  be  slowed  gradual  1>-  with  tlie  cak.le  liraking 
system.   Locking  the  brakes  on  the  yarder  drums  could  upset  the  \'ai'der  or  snap  the  calUe 
when  the  balloon  comes  to  the  end  of  the  slack  in  tlie  cable. 

Rigging  the  balloon  system  as  an  inverted  standing  sk\'line  was  tritnl  in  i)rdcr  to 
extend  the  system  reach  to  over  5,000  ft  (1,524  m) .   This  system  used  the  mainline  as 
a  standing  skyline  (nonmoving)  and  the  carriage  was  inverted  on  the  sk\'line  (lifting 
the  skyline  rather  than  pulling  it  down)  because  of  the  balloon's  lifting  force.   The 
carriage  traveled  along  the  skyline  with  the  balloon  pulling  it  uphill  and  the  haulback 
line  pulling  the  carriage  and  the  logs,  downhill  to  tlie  lamiing.   The  method  was  aband- 
oned after  2  or  5  days  because  whipping  and  sawing  of  the  skyline  and  liaulback  against 
each  other  caused  rapid  cable  wear. 
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Figure  11. — Tijpical  balloon  unit  and  layout. 


Figure  12. — Operations  sahe- 
matia  of  balloon  logging 
system  when  the  balloon  is 
(A)  over  the   logs^    (B)    logs 
are  iyi  the  air,   and   (C) 
logs  are  at  the  landing. 
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ECONOMIC  FEASIBILITY 

The  balloon  system  has  proven  to  be  acceptable  from  an  environmental  viewpoint  and^ 
also  has  demonstrated  the  physical  capability  to  log  in  the  Idaho  Batholith  area.   The 
final  test  for  a  viable  logging  system  is  its  economic  feasibility.   The  balloon  system 
economic  feasibility  was  tested  under  a  specific  set  of  timber  stand,  harvesting,  and 
terrain  conditions  in  the  Idaho  Batholith.   Unfortunately,  balloon  logging  cannot  be 
compared  to  conventional  logging  economics  since  these  methods  cannot  be  used  to  log 
terrain  similar  to  the  Anderson  Creek  site  due  to  physical  or  environmental  limitations' 
It  is  believed  that  this  economic  analysis  will  prove  useful  for  assessing  balloon 
logging  feasibility  for  the  Rocky  Mountain  area  in  general. 

The  first  step  in  the  economic  analysis  was  to  plot  production  per  hour  versus  timi 
in  days  to  see  if  a  learning  period  could  be  identified  during  the  startup  of  the  systei 
Cumulative  plots  of  turns  per  productive  hour  (fig.  13)  and  pieces  per  productive  hour 
(fig.  14)  were  used  because  of  the  high  variability  in  daily  production  rates.   The 
slopes  of  the  line  segments  on  the  graphs  indicate  that  production  rates  were  not  time 
dependent.   This  is  not  surprising  in  view  of  the  circumstances  involved  on  this  timber 
sale.   Boise  Cascade  had  sent  the  crews  to  another  balloon  logging  job  on  the  West 
Coast  to  be  trained  for  the  balloon  system  of  logging.   Operators  were  selected  that  hac 
experience  on  similar  equipment  used  for  cable  logging.   Supervisory  personnel  from 
Bohemia  Logging  Company  (a  company  with  several  years  of  experience  with  balloon  logginj 
were  on  hand  during  the  startup  and  initial  shakedowm  of  the  system. 


o 


en 


> 
< 


DAYS 


Figure   13, — Turns  per  productive  hour   ( crumdative )   vs.    date,    unit. 
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Figure   14.  --Pieces  fer  pyodi'ctive   hour    d'urnnlativi')    rr.     late^    io:i : . 

Dia-iny  1971,  gross  data  were  collected  on  each  oi'   tin-  loi^red  units.   This  informa- 
tion included  M  bd  .  f  t  .  logj'.cd  per  acre  (Vl  ,  bd .  f  t  .  per  iiiece  (I'l,  turns  pw   productive 
hour,  pieces  per  productive  hour,  percent  jiroductive  hours  (V),    and  costs  per  V  hd . f t . 
(C) .   Table  1  shows  these  data  for  the  units  that  were  either  coripleted  or  had  sub- 
stantial volumes  of  timber  removed.   The  following,  rer.ression  anal>-ses  on  tlnse  data, 
based  on  unit  averages,  c.xjUains  much  of   the  variation  in  costs  and  production. 

Costs  in  dollars  I'cr  M  l)d.ft.  were  sujiplied  by  boise  Cascade's  account  in;;  dep.irl - 
ment .  When  total  yarding  cost  per  M  bd . f t .  (C)  was  used  as  the  dependent  \ariabU-  and 
regressed  on  average  piece  size  (li  =  bd .  ft . /piece)  ,  the  resulting  regi'ession  equation  was 


C  =  '.b^.77  -  (1.1S64B  or  in  metric  terms 

C(-  )  =  20.. sn  -  :'.(,:v.iB(".-^^^ — ) 

^  ',  piece 

nr 

with  P/-  =  n.5093. 

Kith  volume  per  acre  f\')  as  the  i  ndejiendiMit  vai'iabU- 


(1 


C  =  8.1.89 


.■i 


. '1S8\'  or  in  metric  terms 


I  2) 


C(^  j    =    18.54    -    1).()(uS..1hJ^) 

,„3 


dia' 


and   the   R^    =    0.8.S:v.).      Multiple   regression   usinj',   piece    size   and    \'olume   I'er   acre   biU  li   as 
indejiendent    variables   yieliled    tlie   eipiation 


C    =    lOl.'-U)    -    ().()9.N)U    -    J.8,'S-1\'    or    in    metric    t  eri;:s 

-> 

111  _ 

p  i  ece 


t"^) 


,3 


4..b)3   -.'-- ().().".(. (!('-• 

ha 


in- 


with   an    R-    =    0.9831 


1.3 


Table  1.--1 

971  data— ball 

oon   logging 

Unit 

# 

(V)  1 
Volume 
M  bd.ft. /acre 
:    (mVha) 

(B) 

Piece  size 

bd . ft ./piece 

(m^/piecc) 

(C)2 
Yarding  cost 
$/M  bd.ft. 
($/m3) 

Turns  per 
productive 
hour 

Pieces  per 

productive 

hour 

(P)3 
Percent 
productive 
hours 

1 

11.0 
(125) 

350 
(1.58) 

38.97 
(8.61) 

5.02 

11.34 

76.9 

2 

6.3 

(70) 

236 
(1.07) 

59.73 
(13.20) 

4.14 

11.42 

63.7 

3 

5.0 
(56) 

259 

(1.17) 

65.77 
(14.54) 

4.59 

11.35 

59.7 

14 

7.3 
(81.6) 

192 

(0.87) 

63.70 
(14.08) 

1+ 

1+ 

h 

13 

11.9 
(133) 

216 
(0.98) 

49.62 
(10.97) 

5.89 

16.33 

72.3 

16 

13.0 
(145) 

293 
(1.33) 

37.10 
(8.20) 

6.35 

19.22 

69.5 

^  Average  volume  harvested  on  the  unit  in  thousand  board  feet  per  acre. 

2  The  cost  in  dollars  per  thousand  board  feet  for  moving  the  logs  from  the  stump  to  the 
landing  (this  includes  balloon  yarding,  changing  cable  roads,  landing  costs,  as  well  as 
costs  for  yardcr  downtime) . 

3  Total  yarding  hours  divided  by  total  hours  logged  by  yarder  times  100. 
^  Data  were  not  collected  as  this  was  the  first  unit  logged  on  the  sale. 

Equation  [1)  shows  that  costs  decrease  as  average  piece  size  increases  witli  this 
single  variable  explaining  approximately  one-half  of  tlie  cost  variation.   Average  piece 
size  is  used  by  many  logging  companies  as  one  criterion  on  which  to  estimate  costs  of 
logging.   From  a  physical  standpoint,  it  also  is  reasonable  to  expect  that  costs  would 
be  lower  when  fewer  pieces  liad  to  be  handled  per  M  bd.ft.  of  production. 

In  equation  (2),  volume  per  acre  ex]ilained  83  percent  of  the  variation  in  cost  per 
M  bd.ft.   Tliis  relationship  shows  that  volume  per  acre  is  the  most  important  factor  for 
predicting  the  cost  of  balloon  yarding.   At  first  glance,  volume  per  acre  seems  to 
explain  more  of  the  cost  variation  than  would  be  expected.   Further  analysis  yielded  a 
relationship  between  percent  productive  liours  (P)  and  volume  per  acre 


P  =  53.50  +  1.5SV  or  in  metric  terms 

3 

P  -  53.50  +  0.1415(1^) 
lia 


(4) 


witli  an  r2  =  0.6793.   This  equation  shows  that  the  percent  productive  hours  increases  as 
the  volume  per  acre  increases.   Rased  on  field  experience,  it  is  reasonable  to  expect 
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.hat    the   number   of  road   clianj^cs   and   jierccnt    down    time    for   iiiovhij'  (M|uipinent    decreast'S   as 

he  number   of   logs   yarded   on   a    given    logging   set    inereases.      The  ..est    per   M   bd .  ft  .    ce- 

reased    $1.S68    for   each    1    percent    increase    in   percent    jiroductive  hours   as    shown    in   e(|ua- 
ion    (5)    wlierc   cost   was   regressed   on   ]iercent    jiroductive   time 

C  =  157. S(l  -  l.S(i8P  or  in  metric  terms  (S) 

C  =  34.81  -  0.5465P 

nd  R^  =  0.7263.   This  relat  ionstiip  ciuantifies  tlie  cost  of  nonjirothict  i  ve  time  on  this 
ogging  operation. 

Equation  (3)  yields  a  simple  tnit  useful  relationship  for  predicting  yarding  costs 
ased  on  both  volume  per  acre  and  piece  size.   These  two  variables  slioulil  proviiie  a  good 
stimatc  since  they  explain  98  percent  of  the  varialiility  in  cost  Iiased  on  the  l'.)"^! 
ogging  data.   It  should  be  kept  in  mind  that  ecjuations  (1)  throujili  (3)  siunild  be  used 
hen  the  variables  are  within  tlic  range  of  the  data  given  in  tal)le  1,  and  any  e.xtrapola- 
ion  should  be  used  w'ith  care. 

These  relationships  based  on  gross  data  cjuantif)-  factors  that  affect  balloon  log,- 
ing  and  sliould  be  followed  through  witli  a  larger  range  of  data  so  that  tlie  pretiiction 
quations'  range  can  be  extended.   Also,  the  equations  sliould  be  verified  by  data  from 
ther  balloon  logging  sites.   It  is  expected  that  these  prediction  equations  would  not 
e  as  good  for  other  areas  since  there  are  many  factors  wliich  affect  logging,  costs  tliat 
re  not  included  in  the  equations.   These  factors  can  l)e  more  or  less  constant  at  one 
ogging  site,  but  vary  greatly  between  logging  sites.   lixamples  of  some  of  these  factors 
re  local  wage  rates,  fuel  costs,  weather,  terrain,  timber  type,  and  harvesting  tech- 
ique.   Another  factor  to  keep  in  mind  when  using  the  cost  figures  is  that  they  should 
e  escalated  for  inflation  because  they  are  based  on  1971  cost  figures. 

As  shown  in  table  2,  balloon  yarding  costs  ranged  from  S42.44  to  S34.49  [ler  M  bd.ft. 
f  the  site  had  been  logged  witli  a  skyline  (elevated  cable)  >-ardiiig  system,  costs  would 
ave  been  about  $20  per  M  bd.ft.   Not  included  in  the  costs  of  skvline  varding,  is  the 
ost  of  the  extensive  road  system  required,  vv/hich  would  have  raised  total  costs 
onsiderably . 

Yearly  average  cost  and  j^roduction  figures  did  not  vary  greatly.   It  was  hojHHl  that 
osts  w'ould  decrease  from  year  to  year  as  experience  witli  the  Inilloon  system  was  gaineil, 
ut  this  was  not  the  case.   Production  did  increase  in  the  numl>er  of  piect-s  per  hour, 
ut  the  average  piece  size  was  smaller  during  the  last  year.   Some  of   the  more  ilifficult 
arding  chances  were  delayed  until  the  latter  part  of  the  logging,  and  the  sale  was 
ompleted  using  a  helicopter  for  yarding.   This  modification  to  the  original  contract 
as  done  with  the  approval  of  the  Forest  Service.   The  logging,  was  done  with  a  Boeing, 
ertol-107  helicopter,  whicli  has  a  load  capacity  of  approximately  8,000  lb  (3,029  isg)  . 
he  helicopter  logging  subcontractor  received  approximately  S90  jier  M  1x1 .  f t .  fS19.89,/m') 
o  get  the  logs  to  the  deck.   This  cost  is  higher  than  the  averag.c-  balloon  log.g.ing  cost, 
ut  with  the  difficulty  of  the  logging  sets,  it  was  felt  to  be  Justified.   Also,  the 
reduction  with  this  size  helicopter  is  about  100  M  bd.ft.  (432  m^J  per  (.la\-,  which  is 
pproximately  tliree  times  the  balloon  daily  production;  thus,  the  logging  was  completed 
xpeditiously . 

Based  on  the  comparison  of  the  helicopter  and  balloon  logging.,  lioise  (!ascadie  decided 
0  sell  their  balloon  logging  system  and  bought  their  own  helicopter.   This  decision  was 
ased  on  the  Forest  Service  plans  to  reciuire  aerial  logging  on  substantial  volumes  of 
imber  in  the  southern  Idaho  Batholith.   Fvidently,  Boise  Cascatle  belie\i'd  that  owning 
lieir  own  helicopter  would  be  more  economLcal--t he  jiroduction  would  be  fuich  greater  and 
he  helicopter  would  be  a  more  flexible  system  as  comi-^ared  to  the  balloon  s\-steni  in  the 
daho  Batholith. 


Table  2. — Yearly  haltoon  logging  statistics 


Year 


Timber 
removed 
M  bd.ft. 
(m3) 


Percent 
productive 

hoursiy 


Turns  per 

productive 

hour 


Pieces  per 

productive 

hour 


Balloon 
yarding  cost 
$/M  bd.ft.-^ 

($/m3) 


Total  COS"' 
to  get  \o\i 

to  deck  I 
$/M  bd.ft 

($/m3) 


1971 


1972 


1973 


3,533 
(15,986) 

6,290 
(28,462) 

3,233 
(14,629) 


67.0 


67.3 


70.6 


5.30 


6.08 


5.27 


14.99 


17.59 


20.75 


47.44 

62.78 

(10.48) 

(13.87) 

42.44 

58.33 

(9.38) 

(12.89) 

54.49 

72.37 

(12.04) 

(15.99) 

-^  Total  yarding  hours  including  delays  divided  by  total  hours  logged  by  yarder  times 
100. 

•^Balloon  yarding  cost  including  landing  and  road  change  costs. 

-^Total  cost  to  get  the  logs  to  the  deck  (this  includes  cutting,  yarding,  road  changes 
landings,  slashing,  mobilization,  administration,  and  bedding  costs,  but  does  not  inclu 
stumpage  .costs)  . 


The  helicopter  system  of  logging  is  a  high  consumer  of  fuel  compared  to  balloon 
logging.  This  could  lead  to  a  relative  change  in  the  economics  of  helicopter  logging, 
if  fuel  prices  continue  to  rise  or  if  fuel  shortages  occur. 

At  present,  the  balloon  system  would  appear  to  have  applications  in  areas  of  the 
Rocky  Mountains  where  the  terrain  is  not  as  dissected  as  Anderson  Creek  and  timber 
volumes  per  acre  and  average  piece  size  are  sufficiently  large  to  justify  this  system 
economically.   The  use  of  clearcutting  harvesting  techniques  would  help  raise  volume 
per  acre  when  environmentally  sound.   However,  for  this  sale,  the  need  for  an  overstory 
removal  harvesting  technique  made  the  economics  of  balloon  logging  marginal  vv'hen  compar 
to  prices  received  for  finished  timber  products. 
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